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Miucroscopy. |: A Review 


RosBert C. MEL.Lors* 


(Division of Experimental Pathology, Sloan-Kettering Institute for Cancer Research, and Pathology 
Laboratories, Memorial Center, New York, N.Y.) 


INTRODUCTION 

Since the origination of the cell theory, its estab- 
lishment by Schleiden and Schwann, and its appli- 
cation to pathology by Virchow, the microscope 
has played an important and historic role in 
biology and medicine. The microscope has now 
been developed to utilize the several properties of 
the light wave—the amplitude, the frequency, the 
phase and the plane of vibration—and to employ, 
in addition to electromagnetic radiations, other 
forms, or carriers, of radiant energy such as an 
electron beam. It is the purpose of this review: (a) 
to describe some of the recent advances in methods 
of microscopy of the cell and (b) to indicate the 
results obtained and their manifest or potential 
significance in cancer research. 

The plan of the presentation is: 

Part I: 

a) To present the microscopic methods of analy- 
sis that utilize the phase (phase, interference, and 
polarizing microscopy), the plane (polarizing mi- 
croscopy), the dispersion (dispersion microscopy), 
and the amplitude and the frequency (microspec- 
troscopy) of light waves in the optical spectrum. 

Part II (to be published): 


b) To describe the use of other carriers of radi- 
ant energy in microscopy (electron microscopy and 
historadiography). 

c) To discuss briefly the automatic counting and 
measurement of microscopic particles (microscan- 
ning). 


*This work was done under a Damon Runyon Senior 
Clinical Research Fellowship of the American Cancer Society, 
Inc., and was supported in part by a research grant from the 
National Cencer Institute of the National Institutes of Health, 
Public Health Service. 


Received for publication September 6, 1952. 


Finally, Parts I and II will attempt: 

d) To indicate the application of these technics 
in the study of the size, shape, mass, elementary 
and organic composition and ultrastructure of the 
nucleus, nucleolus, chromosomes, mitotic appara- 
tus, and cytoplasmic particles. 

In general, the analytical methods reveal local 
structural and optical inhomogeneities which are 
accompanied by alterations in the optical path 
length (product of thickness and refractive index) 
or by differences in the absorption and the scatter 
of photons, electrons, and x-rays. The require- 
ments for good imagery include the presence of 
contrast and the resolution of fine detail in cellular 
formed elements which have several orders of 
dimensional magnitude that are very approxi- 
mately given by: 10u for nuclei; ly for nucleoli, 
chromosomes, and mitochondria; and 0.1, for mi- 
crosomes. It will be shown subsequently that for 
certain types of quantitative work a departure is 
made from conventional methodology by the 
preparation and the analysis of optically homo- 
geneous cellular material. An excellent general re- 
view on recent progress in practical microscopy is 
that of Barer (8). 


PHASE MICROSCOPY 

Principles.—Upon passing through a transpar- 
ent object in an ideal microscope, a light wave, 
which may be treated as a sinusoidal wave motion, 
does not undergo a change in amplitude as com- 
pared to that of a wave passing through the adja- 
cent medium or surroundings. Consequently, pho- 
tosensitive surfaces, such as the retina, photograph- 
ic emulsion, and cathode of a photo-cell which are 
amplitude- or intensity-detectors, record no differ- 
ence between the object and its surroundings. 
However, if there is a difference in the re- 
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fractive index! of the object and the medium, 
then the optical path (linear path multiplied 
by refractive index) will be dissimilar for light 
waves that pass through the object (deviated 
wave) and the medium (undeviated wave), and 
there will be a displacement in the phase of one 
wave in relation to the other. With annular illumi- 
nation, the deviated and the undeviated waves 
pass through different areas of the back aperture 
of the microscope objective, and there, upon trans- 
mission through the appropriate phase-altering 
and amplitude-decreasing plates, the two waves 
which initially differed in phase but not in ampli- 
tude are brought into phase with differing ampli- 
tude. When focused at the image plane of the ob- 
jective, the waves may then interfere construc- 
tively (addition of amplitudes) or destructively 
(subtraction of amplitudes) to produce either 
bright or dark contrast in the object in relation to 
the surrounding medium. A conversion from 
phase- to amplitude-differences underlies the 


phase contrast principle which was originally for- 


mulated by Zernike and applied by him to phase 
microscopy (252-254). 

The most important attribute of the phase mi- 
croscope is to enhance the visibility of particles 
which, relative to their surrounding medium, have 
a small difference in optical path. The difference, 
A, in optical path is a linear distance given by the 
expression 


A= (to — Nm) l, 


(1) 


where n, and n,, are, respectively, the refractive 
indices of the object and the medium and ¢ is the 
thickness of the object. It is customary to express 
A as a number or a fraction (®) of wavelengths (A) 
so that 


(2) 
and 
(nN, Nm) 


= x 


(3) 


where ® is called the phase difference or the phase 
change. 

For a given thickness, the value of A, which is 
of the order of \/20 or less (17) for many cellular 
particles, depends upon the difference between n, 
and n,,; and the contrast of a transparent particle 
relative to the medium is determined by this dif- 
ference, together with the nature of the phase- 
altering and amplitude-reducing plates of the mi- 
croscope. In a dark-contrast microscope, the par- 

1 The refractive index of a medium is equa] to the ratio of the 
velocity of light in air to that in the medium, nm = Vair/Vm; 


at a particular wave length and temperature and is a property 
dependent upon and predicted from elementary composition. 


ticle is dark for n, > n» and light forn, < 
in a bright-contrast microscope the particle is light 
for no > Nm» and dark for no < nm. 

The literature on the theory and the more prac- 
tical aspects of phase microscopy includes, aside 
from the work of Zernike that of Kohler and Loos 
(120), Burch and Stock (39), Bennett et al. (16, 
17), Payne (179, 180), Osterberg (174, 175), Barer 
(5, 6, 9, 10), Oettlé (169), Richards (193) and 
Francon (82). 

Applieations.—The necessity for brevity pre- 
cludes a listing of publications relating to the 
phase microscopy of viral inclusions, rickettsia, 
bacteria, fungi, algae, higher plants, protozoa, and 
higher invertebrate animals and requires a selec- 
tion of work pertaining, for the most part, to the 
living cells of higher vertebrate animals (Figs. 1, 

The unique value of the phase microscope is 
that it, as no other method, provides a means for 
the structural analysis of the nucleus and the 
cytoplasm of living cells without the hazard of in- 
jury or the uncertainty of artifact. A typical, living 
normal interphase cell in its medium of growth, 
such as a mouse fibroblast in tissue culture, is ob- 
served in dark contrast to have: a delicate, or 
nearly invisible cell membrane; formed elements 
in the cytoplasm which are of two structural cate- 
gories—smaller, pale gray, rod-shaped and fila- 
mentous structures (the mitochondria) and larger, 
dark gray to black, spherical elements (‘“‘fat’’ drop- 
lets, etc); occasionally, a juxtanuclear, spherical 
or crescentic, granular mass designated as the cen- 
tral body (131, 139) and thought by some (139) to 
form the Golgi apparatus after fixation; a delicate 
nuclear membrane; spherical nucleoli; irregular 
masses of chromatin not always distinguishable 
from nucleoli (see 257, however); and a ground 
substance in the nucleus and the cytoplasm, the 
details of which are at, or below, the limit of opti- 
cal resolution. (See section “Electron Microscopy” 


—to be published in Part IT.) 


The mitotic division of living embryonic cells of the chick in 
tissue culture is recorded on movie film with time-lapse phase 
photomicrography by Hughes and Swann (112). The sequence 
of events in mitosis includes: the dissolution of the nucleoli and 
the nuclear membrane within a period of one minute; appear- 
ance of the chromosomes as radially disposed threads during 
the next 5 minutes; irregular motion of the chromosomes and 
formation of the metaphase plate; partial rounding of the cell 
body and withdrawal of its processes; movement of the chromo- 
somes in anaphase, after one or more “false starts,” producing @ 
separation between the sets of chromosomes of the order of 10 » 
or more within 3 minutes; and telophase, with flattening and 
migration of the daughter cells and the appearance of nucleoli 
and nuclear membranes within 10 minutes after cytoplasmic 
cleavage. During mitosis the filamentous mitochondria shorten 
to become thick, sometimes branched, rods which, together 


rie 
| 
fy, 
Ph 

: 
gh 

Se 

BA 

‘ 
tH 


Me.titors—Microscopy. I. A Review 


103 


with other cytoplasmic elements, bound the nuclear region. 
These elements encroach upon the spindle area and constrict 
the interzonal region prior to the formation of the cleavage 
furrow. The spindle itself is not seen. (See section on “‘Polariz- 
ing Microscopy.’’) There is a characteristic formation of cyto- 
plasmic bubbles, often prominent in late anaphase and telo- 
phase, which has been observed by earlier workers. 

In a study of mitosis in living embryonic cells of the mouse 
in tissue culture Fell and Hughes (79) observed the forma- 
tion of chromosomes, traced the course of anaphase movement, 
described the swelling and unraveling of the chromosomes in 
the reconstruction of the daughter nuclei, and demonstrated 
the origin of polyploid nuclei by the mitosis of binucleate cells. 
Other notable studies of mitosis in the living cell include those 
of Michel (157), Hughes (109, 110), and Firor and Gey (80), 
utilizing the phase microscope and the classical observations of 
Lewis (133) with the ordinary light microscope. 

Viable cells in spreads of mouse tissues mounted in physio- 
logical solutions were studied in the phase microscope by Lud- 
ford and Smiles (139, 142). The fibroblasts of subcutaneous 
connective tissue and tumor stroma are compared to sarcoma 
cells of the rapidly growing Rb tumor of the RIII strain of 
mice. There is an increased content of cytoplasmic mitochon- 
dria, a greater amount of nuclear chromatin, typically larger 
nucleoli, and commonly an enlargement of the central body in 
the sarcoma cells. The mitochondria are more numerous in the 
cytoplasm of fibroblasts derived from tumor stroma than from 
subcutaneous connective tissue. Mitosis is studied particularly 
in the sarcoma cells, in which it appears that both the nucleolar 
and the chromatin material enter into the formation of the 
chromosomes at the prophase. The mitochondria of the ma- 
jority of dividing cells are spherical or rod-shaped, and they 
may form clusters as though originating by the segmentation of 
filaments into strings of granules. In the later stages of cell 
cleavage, the mitochondria return to a more filamentous form, 
and, while the chromosomes are still visible in the daughter 
nuclei and before the appearance of the nucleoli, there is a con- 
current increase in the number of the mitochondria and in 
the volume of the cytoplasm. 

Observations such as the foregoing are of considerable in- 
terest in view of the fact that the mitochondrion, a structural 
unit whose isolation and early analysis is due to the work of 
Claude (45, 47) and of Bensley and Hoerr (20), is a complex 
(94) of probably several hundred enzymes which catalyzes, 
among other reactions: the oxidation of metabolites in the citric 
acid cycle (95, 104, 105, 118, 201); fatty acids (92) and certain 
amino acids (219, 220, 230); phosphorylation (55); and various 
synthetic processes (49, 50). 

Since phase microscopy provides a means for the structural 
analysis of living cells without the risk of injury or artifact, it 
affords a method for the study of the structural and optical 
(path length) alterations produced by chemical and physical 
agents or conditions, among which are anisotonicity, hydrogen 
ion concentration, fixative solutions, cytotoxins, temperature, 
pressure, electromagnetic and other radiations. In general, nox- 
ious agents produce an increase in the visual phase-contrast of 
the cell membrane, nuclear membrane, and nuclear chromatin, 
and a fine granularity of the protoplasmic ground substance. A 
peculiar type of cytoplasmic budding or blister formation, 
termed pinocytosis (132) or potocytosis (255), occurs under 
certain conditions, among the least rigorous of which is the sus- 
Pension of the cell in isotonic saline solution for several min- 
utes. The work of Zollinger (255-258), Buchsbaum (37), 
Hughes and Fell (111), and Crawford and Barer (54) are to be 
consulted for the phase-contrast, morphological changes pro- 
duced by chemical agents and the studies of Kimball and 
Gaither (119) and of Tahmisian and Adamson (231, 232) for 
the structural alterations invoked by physical agents. 


The cytological fixative of choice in terms of producing the 
least phase-contrast structural alteration from the natural 
state is osmium tetroxide. The double-fixation procedure of 
Ornstein and Pollister (173), utilizing this chemical component 
together with formaldehyde, and the preparation of very thin 
tissue sections (about 1 uu thick) provide material with maxi- 
mum resolution and optimum contrast in phase microscopy. 

Phase microscopy may be performed with ultraviolet (8, 18, 
233) and infrared light (8) and with plane polarized light (8) 
and may be combined with interference microscopy (10). For 
other applications consult the excellent monograph by Bennett 
et al. (17). Discombe (66) describes the use of the phase micro- 
scope in clinical pathology. 


POLARIZING MICROSCOPY 

Principles.—The refractive index of a transpar- 
ent object may be identical in all directions, as in 
an isotropic object, or the refractive index may 
vary with the direction of propagation and the 
plane of vibration of light, as in a birefringent or 
anisotropic object. There are two or more values, 
Ne, Nw», ete., for the refractive indices of a bire- 
fringent object, and the term, n. — n., which is 
called the birefringence is an optical constant that 
depends upon the space orientation and other 
characteristics of the molecular structure of the 
object. It is a characteristic property of a bire- 
fringent object that when it is rotated between a 
crossed polarizer and analyzer, the object appears 
alternately light and dark (position of extinction) 
at 90° angular intervals. It can be shown that 
plane-polarized light, when incident upon a bire- 
fringent object, is divided into two rays, desig- 
nated as the ordinary and the extraordinary ray, 
which vibrate in mutually perpendicular planes 
with differing refractive indices, n, and m,, re- 
spectively. After passing through a birefringent 
object of thickness, t, and emerging, the two rays 
recombine to form an elliptically polarized ray 
with two components which have a difference, A, 
in optical path called the retardation and given by 
the expression 


(4) 


Utilizing equations (4) and (2), the difference in 
optical path may be expressed as the phase differ- 
ence, ®, by the relation 


A= Nw) t 


x (3) 


= 


Polarizing microscopy permits the visualization 
of birefringent objects, the establishment of the 
optical axes, the characterization of the birefrin- 
gence, and the measurement of the retardation and 
the refractive indices. The optical axis serves as an 
axis of reference and is the direction in which light 
passes through a birefringent object without alter- 
ation and, in an oriented biological object, usually 
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coincides with a distinctive direction or axis of 
symmetry, such as an axis parallel to or perpen- 
dicular to the length. 

Birefringence is designated as being either posi- 
tive or negative with respect to the optical axis, 
depending upon whether the refractive index par- 
allel to that axis is the greater or the lesser one. In 
the case of biological objects of interest, the sign 
of birefringence is conventionally referred to the 
long axis, even though this may not be the optical 
axis. Birefringence is further characterized as in- 
trinsic birefringence in which the anisotropy is due 
to a preferential asymmetrical alignment of the 
oscillating atoms and molecules within the object 
and is totally independent of the refractive index 
of the surrounding medium; form birefringence in 
which the anisotropy occurs when asymmetrical 
particles, small with respect to the wavelength of 
light and not in themselves necessarily anisotropic, 
are preferentially oriented in a medium of different 
refractive index; and strain birefringence in which 
a normally isotropic object is subjected to distort- 
ing forces that produce preferential orientation of 
the oscillating elements. Protein fibers, with one 
important exception, have both an intrinsic and a 
form birefringence which are positive with respect 
to the long axis and attributed to the longitudinal 
orientation of the protein chains (198-200). An 
exceptional property is shown by nucleo-protein 
fibers: while the form birefringence is positive as in 
other protein fibers, the intrinsic birefringence is 
negative due to the nucleic acid moieties which are 
presumably oriented perpendicular to the protein 
chains. 

The conventional polarizing microscope de- 
signed for petrography is, in general, not suitable 
for the detection and the measurement of the lesser 
magnitudes of retardation, the range of which is of 
the order of \/5,000 to 4/500 (0.1-5 mu) for the 
constituents of many living cells (114). Recent im- 
provements in instrumentation, notably those by 
Swann (225, 226), Swann and Mitchison (227), 
and Inoué (113, 114) make the detection and the 
measurement of such magnitudes of retardation 
possible and provide new potentialities for the 
biological application of the polarizing micro- 
scope. The literature on the theory and the appli- 
cations of polarizing microscopy includes the 
publications by Schmidt (200), Schmitt (198, 199), 
Bear (15), Chamot and Mason (44), Frey-Wyss- 
ling (88) and the excellent review by Bennett (19). 


Applications.—Hughes and Swann (112), by means of “‘bi- 
frame recording,” which is a term applied to alternate serial 
photography by phase and polarizing microscopy, studied the 
relations between chromosomal movement and the changes 
within the spindle in the living, dividing chick embryo cell. The 


chromosomes but not the spindle are visible in the phase mi- 
croscope, and the birefringent spindle and, less readily, the 
chromosomes are discerned in the polarizing microscope. The 
spindle is first observed in early metaphase as a small circular 
or oval region of positive birefringence (with respect to the long 
axis of the cell) which enlarges rapidly and soon assumes the 
typical spindle configuration. A small birefringent structure, 
the aster, radiates out from the centrosome at either pole. The 
retardation of the fully developed metaphase spindle has an 
average value of about \/500 and a maximum value at the 
poles. Soon after anaphase begins, the spindle starts to elon- 
gate, and the retardation in the equatorial region decreases. 
During cytoplasmic cleavage as the equatorial region of the 
spindle is constricted, positive birefringence develops in the 
cytoplasmic bridge and attains a retardation of \/500. Ulti- 
mately the cytoplasmic strand appears to snap, and the bire- 
fringence fades away. The actual constricting collar is also bire- 
fringent with a positive sign. Quite often there occurs near one 
end of the main body of the cell a roughly circular area of nega- 
tive birefringence with respect to the long axis of the cell. 

Among the possible interpretations of the foregoing ob- 
servations, the most logical (112) is that the spindle is fairly 
completely oriented near the poles and less well oriented at the 
equator; and that the centrosomes at the poles exert an orient- 
ing force through which a co-ordinated contractile mechanism 
for chromosome movement is built up from isotropic proto- 
plasm. Schmidt (200), who originally observed the decrease in 
the retardation of the spindle of the sea urchin egg as the chro- 
mosomes moved toward the poles, emphasized the analogy toa 
feature of a muscular contractile mechanism in which the re- 
tardation decreases during isotonic contraction. The modem 
interpretation of the spindle fibers is that of an oriented mass 
of elongated molecules formed by molecular aggregates, or 
micelles, and having the property of contractility which is re- 
lated to the folding of molecular (polypeptide) chains (108, 
184) during anaphase. 

Swann (225, 226) observed a close correlation between the 
position of the chromosomes and the regions of decreasing bi- 
refringence in the sea urchin egg and advanced the hypothesis 
that the change in birefringence was brought about indirectly 
by the chromosomes themselves. Accordingly, the chromo- 
somes would be responsible for their own movement by con- 
trolling the structural changes in the spindle. The mediation of 
this action might be due to the release of an “‘active substance” 
which diffuses away from the chromosomes and produces its 
effect as it goes. 

Inoué (113, 114), with an improved polarization microscope 
and an ingenious method (114) for the measurement of small 
retardations, studied the structure of the mitotic spindle in the 
living cells of the animal (Chaetopterus egg) (Fig. 2) and of the 
plant (Easter lily pollen mother cell). The spindle was ob- 
served to be composed of several fibrous components, some of 
which correspond to categories proposed by Schrader (202): 
‘““eontinuous fibers’? connecting the two poles; ‘“‘chromosomal 
fibers’? connected with the kinetochores of the chromosomes; 
and “‘interzonal connections’’ between the separating chromo- 
somes in anaphase and telophase. 

The effect of colchicine on the spindle was investigated by 
Inoué (113). When the Chaetopterus egg is immersed in col- 
chicine sea water, the spindle length begins to shorten; the bire- 
fringence of the continuous fibers and the astral rays decreases 
and then completely disappears, and finally the thick chromo- 
somal fibers lose their birefringence. The chromosomes remain 
on the equatorial plate until the birefringence of the spindle 
completely disappears, and then the chromosomes begin to 
scatter. This indicates that there is a close relation between the 
mechanical integrity of the spindle and the maintenance of the 
metaphase plate of chromosomes. 
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Inoué and Dan (115), in a study of the birefringence of the 
astral rays in dividing eggs of the medusa and the sea urchin, 
emphasized that the birefringence of cellular structures is not a 
static characteristic but a dynamic, changeable one. The sign 
of the birefringence of these structures is dependent on the di- 
rection from which forces act upon them. 


INTERFERENCE MICROSCOPY 


Principles.—If a beam of monochromatic light 
at nearly perpendicular incidence to a microscope 
field undergoes multiple reflections between two 
plane, parallel semi-reflecting slides enclosing a 
medium of refractive index np, the intensity of the 
light which is transmitted will go through maxima 
and minima depending upon the separation of the 
reflecting surfaces. When the field is bright, the 
optical path difference between an incident ray 
and a reflected ray is such that constructive inter- 
ference (addition of amplitudes) occurs; and when 
the field is dark destructive interference (subtrac- 
tion of amplitudes) is present. If a small object of 
different refractive index, n,, is placed in the me- 
dium between the slides, the optical paths for the 
rays which pass through the object and through 
the medium will differ; and, if the spacing of the 
slides provides a bright background, the object 
will appear in dark contrast, or, if the background 
is dark, the object will be bright as in phase con- 
trast. Furthermore, if there are differences in 
optical paths through the object, then loci of iden- 
tical paths will be shown by alternate bright and 
dark lines, called interference fringes, which form a 
contour-like map of the object. This is a method of 
multiple-beam interference microscopy as origi- 
nated by Frederikse (87), developed by Merton 
(154, 155) for biological application, and used by 
Richards (195) and Barer (10). 

The work of Tolansky (237, 238) defines the 
mathematical conditions which are to be fulfilled 
in order to permit the interpretation of the images 
in multiple-beam interference microscopy. The 
physical requirements include the use of: an axial 
bundle of monochromatic illumination with a very 
small angular aperture; slides of high reflectivity; 
very close spacing and small angle of inclination 
and an objective of sufficient angular aperture. 
Under these circumstances a necessary mathe- 
matical condition is satisfied, and the following 
interpretation of the interference fringes is per- 
mitted. The difference in total optical path repre- 
sented by two bright fringes, or two dark ones, is 
A; but in each interreflection there is a double 
passage through the object or the medium so that 
the optical path difference for one passage is 4/2. 
Therefore, an optical path difference, A = \/2, is 
represented by two bright fringes, or by two dark 


ones; and a value, A = \/4, occurs between an 
adjacent bright and dark fringe. 


Applications.—As shown above, the difference, A, in optical 
path is related to the refractive indices, n, and nm, of the object 
and the medium, respectively, and the thickness, t, of the ob- 
ject by the expression 


A= (m,—Nm) (6) 


The observation of fringe patterns by multiple-beam interfer- 
ometry makes possible an estimation of the optical path differ- 
ence. In the case of an optically homogeneous (isotropic) ob- 
ject, the term (n. — nm») is a constant for a given condition, and 
the optical path difference is related directly to variations in 
the thickness of the object. The resolution of the interfer- 
ometric method is extremely high (237). For example, if the 
separation of two bright fringes is 5 mm. in a cell-image,? then a 
tenth of the distance between fringes is readily estimated (0.5 
mm.) and is equivalent to a path difference of 4/20 which for 
green light is 0.027 u. Now, for the interferometry in air (nm = 
1) of an essentially aqueous (n, = 1.33) cell-object, the expres- 
sion (N> — Nm) in equation (6) becomes 0.33, and the thickness, 
t, which corresponds to an optical path difference of 0.027 y, is 
0.081 yu. A resolution of 0.081 » and a magnification of 6,200 X 
(500/0.081) in the third, or the vertical, dimension of a homo- 
geneous Cell object, therefore, falls in the range of that achieved 
by the electron microscope for the lateral dimension (see sec- 
tion on “‘Electron Microscopy,’ to be published). 

An important use of interference microscopy in biology is 
described by Barer (11) and Davies and Wilkins (63). Since the 
organic mass of a cell is principally protein, then the term 
(n> — Nm) in equation (6) may be considered to be the refrac- 
tive index increment between a protein solution with index n, 
and its solvent with index n,. For proteins such as serum al- 
bumin and globulin it has been shown by Adair and Robinson 
(1) that the relation between the refractive index increment 
and the concentration is given by 


No— Nm 


? 


a> 


(7) 


where a is a constant called the specific refractive increment 
and C is the number of gm dry protein/100 ml of solution. 
Combining equations (6) and (7), the optical path difference 


A=a°C+l, (8) 


is 


where ¢ is the thickness of the cell in cm. 
The equivalent mass, M, of dry protein’in gm/cell is given 


by 
/. 9 
where V is the volume of the cell in ml. and C is expressed in 
gm/100 ml. 
As an approximation, 


(10) 


where ¢ is the thickness in cm. and A is the area of the cell in 


square centimeters. 
Combining equations (9) and (10), we"have 
C 


M=A-t-75; 


2R. C. Mellors, unpublished observations. 
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and, substituting the value of C from Equation (8), this be- 
comes 


ak (11) 


where M is the equivalent mass of dry protein per cell in gm., 
A is the area in square centimeters, A is the optical path differ- 
ence in cm., and a is the specific refractive increment. 

The mean value of a is about 0.0019 for a variety of proteins 
and for desoxyribonucleic acid and does not vary a great deal 
for many organic constituents of the cell. Thus, the equivalent 
dry mass computed by equation (11) is not markedly influ- 
enced by reasonable, qualitative variations in organic composi- 
tion. By the foregoing method of analysis, Barer (11) obtains a 
value of 31 X 10” gm of hemoglobin/red blood cell and 120 X 
10-” gm of protein/nucleus in the epithelial cell of the oral 
mucosa. 

It can be shown that a more general expression for the 
equivalent dry mass of protein in a cell is given by 


100a 
which, for A; = A, = \/2, becomes 
X ZA, 
(1S) 


wherein A; = A, = \/2, is the path difference between suc- 
cessive bright fringes, A, is the area enclosed by each bright 
fringe, and 2A, is the summation of the areas enclosed by the 
bright fringes. If the optical path difference between neighbor- 
ing structures is but \/4, as is frequently observed between the 
aqueous medium and the cytoplasm or between the cytoplasm 
and the nucleus, then equation (13) takes the form, M = d/4 
X A,/100a, where A,, refers to the area of the structure whose 
anhydrous mass is computed. 

Of considerable interest is the fact? that the hydrous 
protoplasmic mass of the nucleus and the cytoplasm of a cell can 
be measured by multiple-beam interferometry in air, a method 
readily applicable to living cells in tissue culture (Figs. 4-9). If 
the assumption is made that the density (gm/ml) and the re- 
fractive index of the cell-object are comparable to that of water, 
then the hydrous mass, M,, of the cell is given by the expres- 
sion 


(13a) 


Thus, by this method it is found that the average hydrous pro- 
toplasmic mass of the nucleus of living sarcoma cells of the 
mouse is 240 X 10~” gm., while that for embryonic fibroblasts 
is about one-half of this value. It is to be emphasized that the 
equations used above, such as equation (13), are rigorously ap- 
plicable only to optically homogeneous objects. (For an addi- 
tional discussion of mass determination see the section on 
**Historadiography”’ to be published.) 

A further presentation of the theory, the methods, and the 
applications of interference microscopy is to be obtained in the 
comprehensive works of Tolansky (237), Merton (155), Dyson 
(70, 71), Faust (77, 78), Francon (83, 84), Philpot (183), and 
Ambrose (2). The instrument designed by Dyson is among 
those soon to become commercially available. Barer (10) de- 
scribes the use and the advantages of combined phase and in- 
terference microscopy. 


DISPERSION MICROSCOPY 


The refractive index of a transparent micro- 
scopic object is conventionally determined by de- 


hydrating it and mounting it in various organic 
and inorganic liquids (immersion media) of known 
refractive index (44). The immersion medium 
which renders the object completely invisible in a 
bright-field microscope has a refractive index iden- 
tical with that of the object at the temperature 
and the wave length of observation. 

Crossmon (56, 57) describes an immersion meth- 
od for the determination of the refractive index in 
which the object when viewed with dark-field il- 
lumination appears in color—predominately blue 
with a small amount of red—when its index 
matches that of the mounting medium. This color- 
ation, called “‘dispersion staining,” is due to the 
fact that an organic immersion liquid, in general, 
has a dispersion curve (rate of change of index 
with wave length, dn/dX), which rises more steep- 
ly at shorter wave lengths than does the curve for 
the solid object examined; and, thus, spectral 
colors are produced from white light by dispersion 
at the interfaces of solid and liquid. When the in- 
mersion medium and the object have the same re- 
fractive index in yellow light (A 589.3 mu being a 
standard wave length for refractometry), the yel- 
low light in the obliquely incident illuminating 
beam passes straight through the object without 
bending and does not enter the objective. How- 
ever, the refractive index of the object and the 
medium are not now matched at other wave- 
lengths, and blue light (being of shorter wave- 
length and undergoing greater dispersion) and a 
small amount of red light are bent at such an angle 
that they enter the objective. The object, there- 
fore, appears predominantly blue with a small 
amount of red when its refractive index matches 
that of the medium in yellow light. 

The proximity to the matching index is also in- 
dicated by color. If the refractive index of the ob- 
ject is slightly above the matching index, the ob- 
ject appears predominantly red; for successively 
higher increments in index, the object is orange, 
yellow, and pure white, respectively; if the object 
is very slightly below the matching index, it 1s 
colored pure blue; and for successively lower in- 
dices, the object is light blue and pure white, re- 
spectively. By the use of polarized light in disper- 
sion microscopy, birefringent objects, if close in 
index to that of the mounting medium, exhibit two 
contrasting colors that are dependent upon the re- 
lation of the two refractive indices to that of the 
medium. Isotropic objects have but one color 
under the same condition of observation. 

The method of dispersion microscopy, there- 
fore, provides a means for the determination of 
the refractive index and the birefringence of a 
biological object without reference to the optical 
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path or to the object thickness. The difference in 
index between certain structures such as collagen 
and elastin fibers, or cell nuclei and other tissue 
components, is such that these structures appear 
in contrasting color, depending upon whether they 
are equal to, above or below, the refractive index 
of the medium. It may be possible? to identify the 
toxic dusts such as free silica, asbestos, and bery]l- 
lium oxide by dispersion staining. The further bio- 
logical application of this method is awaited with 
considerable interest. 


MICROSPECTROSCOPY 

Principles.—The extensive treatment elsewhere 
(33) of various aspects of the subject precludes 
more than a brief presentation of the fundamental 
basis of spectroscopy. Molecular spectra arise 
when the motions of the constituent electrons and 
atoms of a molecule are energized by incident 
radiant energy: the electrons move about the posi- 
tively charged atomic nuclei, and the atomic nuclei 
themselves move together in a linear translation 
and rotate and vibrate periodically about their 
center of gravity. The frequency of the absorbed 
radiant energy must be equal, or very nearly 
equal, to the frequency of the molecular vibrations 
that it excites: ultraviolet and visible light ener- 
gize the motions of electrons and infrared light 
excites the vibrational-rotational motions of atom- 
ic nuclei. It is found empirically and substantiated 
theoretically that certain groups of atoms and 
chemical bonds in a molecule absorb particular 
frequencies in the infrared, visible, and ultra- 
violet regions, and it is on this basis that the iden- 
tification of a molecule can be made from its char- 
acteristic absorption spectrum. 

By the measurement of the attenuation, or the 
absorption, of a parallel beam of monochromatic 
radiation as it rectilinearly traverses a solution of 
an isotropic absorbing material, or solute, which is 
molecularly dispersed in a nonabsorbing medium, 
the concentration, C, of the solute is given by the 
Lambert-Beer equation, 


Ey 


(14) 
where C is in gm/liter; E, is the extinction or 
the optical density given by Ey = logio I,/I, with 
I, the intensity of the incident light and J that of 
the transmitted light; k is the specific extinction 
coefficient which is characteristic of the absorbing 
material and is a function of the wave length, ); 
and I is the path length in cm. This equation is de- 
rived under the assumption that the absorption 
per molecule of the absorbing material is uninflu- 


*G. C. Crossmon, personal communication. 


enced by the concentration, a condition which is 
by no means universally applicable. 

An instrument for the analysis of spectra is 
composed of a dispersive element (prism or grat- 
ing) for the separation of the various frequencies 
or wavelengths of light and a photosensitive ele- 
ment—retina (as in a spectroscope), photographic 
plate (spectrograph), and photoelectric or radio- 
metric device (spectrometer)—for the measure- 
ment (spectrophotometer) of spectral intensities. 
The use of a microscope in spectral analysis con- 
stitutes microspectroscopy. The pioneer develop- 
ment and biological application of ultraviolet ab- 
sorption microspectroscopy was accomplished by 
Caspersson (40-42). In recent years, there has 
been an extension of spectral microanalytical 
methods to include absorption microspectroscopy 
in the ultraviolet (Figs. 10-13), visible, and infra- 
red regions (the entire optical spectrum), together 
with emission and fluorescence microspectroscopy. 
This is due in part to the development of a reflect- 
ing microscope by Burch (38), Brumberg (34), 
Grey (96, 97, 98, 100), Kavanagh,‘ and others 
(69, 116, 134, 167), (Chart 1) which utilizes pairs 
of reflecting mirrors rather than refracting ele- 
ments and, therefore, remains in focus at the same 
mechanical setting throughout the entire optical 
spectrum; and to activities in research at Oxford 
(7, 12, 13), King’s College (86, 167, 168, 192, 242), 
Massachusetts Institute of Technology (136, 207, 
248), Columbia (185-190), and Memorial Center 
(145-148, 152) and in commercial development by 
Willcocks, Ltd., Bausch and Lomb, Polaroid (24, 
25, 125), and the American Optical Companies. 

The usefulness of the microscope in systems for 
absorption microspectroscopy lies in the small 
order of magnitude of the analytical sample. In 
accordance with diffraction theory, the resolving 
power, d, of a microscope is given by 


1.2Xr 0.62 


NA.+NA. NA,’ 


(15) 


where NA,, the numerical aperture of the objec- 
tive, is the same as that of the condenser, NA., 
and 2X is the wavelength. The wavelength in 
microns is 0.2—0.4 yu in the ultraviolet, 0.4—-.75 w in 
the visible, 0.75-2.5 uw in the very near infrared, 
and 2.5—15 pu in the near infrared regions; and NA, 
is of the order of unity. While the theoretical mini- 
mum transverse diameter of the analytical sample 
as set by the resolving power of the objective is of 
the order of 0.15 uw in the ultraviolet at d 0.25 yp, 
and 6 » in the infrared region at A 10 yw, other limit- 
ing factors (24, 25) such as the spectral radiance of 


4A. J. Kavanagh, personal communication. 
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the source, the detection power of the microspec- 
trometer, and the magnitude of the extinction co- 
efficients determine the minimum size of the sam- 
ple. At present, the spectral analysis of various 
compounds of biochemical interest requires a 
weight of sample of the order of 10-8-10—” gm. in 
the ultraviolet and 10-*10-7 gm. in the near infra- 
red region (12, 24, 147). The theoretical detectable 
concentration of biochemical compounds which 
will give an optical density of 0.1 in a path length 
of 1 uw can be computed from equation (14) using 
their specific extinction coefficients for absorption 
maxima in the ultraviolet and the visible regions. 
The values when computed as the concentration 
in gm/ml, or the quantity in 10-” gm/y', are of 
the following order: for purines and pyrimidines, 
0.01; nucleic acids, 6.05; cyclic amino acids, 0.03-— 
0.09; porphyrins, 0.002; steroids, 0.02—0.10, and 
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phosphoric acid groups for the estimation of 
nucleic acids. Kurnick (124) comprehensively 
evaluated the selective staining of nucleic acids by 
methyl green and pyronin. Dempsey and collabo- 
rators (64) have investigated the affinity of a va- 
riety of tissue components for basic and acidic 
dyestuffs by the method of micro-absorption color- 
imetry. 

Recent attempts are made to circumvent the 
unfavorable factors (91, 172) inherent in the cell- 
object as well as in the optical system of micro- 
spectroscopy. Methods designed to avoid the er- 
rors in the analysis of inhomogeneously dispersed 
systems (117) and objects of indeterminate thick- 
ness for ultraviolet absorption microspectroscopy 
include the preparation of isolated, unfixed cells 
or nuclei (129), suitably mounted (3) and proved 
(151)? by phase, interference, and absorption mi- 
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Cuart 1.—Various designs of reflecting microscope objectives 


conjugated proteins, 0.14—0.53. These quantities 
and concentrations of compounds are of the order 
of magnitude of those which may occur in individ- 
ual cells or in parts of cells. 

The theory, practice, and limitations of ultra- 
violet microspectroscopy in cytology are dis- 
cussed in the comprehensive works of Caspersson 
(41) and Thorell (234, 235) in symposia (7, 51, 62, 
76, 99, 145, 192, 206, 208, 241, 242) and in other 
publications. Land and co-workers (125, 211) at 
the Polaroid Corporation utilize the color-trans- 
lating concept of Brumberg (34, 35) and have de- 
signed an ingenious ultraviolet microscope for 
biological applications (144), in which a visible 
three-color image is obtained by simultaneously 
projecting onto a single screen three black-and- 
white photomicrographs taken at any three de- 
sired wavelengths. Stowell (221, 223) and Pol- 
lister and co-workers (185-190) utilize the method 
of visible micro-absorption colorimetry of cells in 
which measurements are made at or near the ab- 
sorption maximum for pigments that characterize 
such tinctorial reactions as that of Feulgen for 
desoxyribonucleic acid; and the Columbia group 
also employs the Millon reaction for tyrosine as a 
measure of proteins and the basic dye-affinity of 


croscopy to be optically homogeneous; and the 
fluorescence microphotometry (149, 172) of indi- 
vidual, not necessarily homogeneous, cells that are 
stained with a basic fluorochrome. The use of 
coated (166) and reflecting optics (147) and the 
limitation of fields of illumination in micro-absorp- 
tion colorimetry (166) and microspectroscopy 
(147) to diameters of a few microns are measures 
taken to minimize the defects that lead to an 
anomalous distribution of energy by light scatter 
at the interfaces of optical elements and by diffrac- 
tion effects in the object. 

Ultraviolet and visible absorption.—As shown by 
the extensive work of Caspersson and his collabo- 
rators (41), as well as by the earlier observations of 
Lucas (137, 138) and Wyckoff (249-251), the 
nucleus of a typical cell, when photographed in 
the ultraviolet region, is transparent at longer 
wavelengths (> 300 my) and absorbing at shorter 
(260-280 my wavelengths). While Soret (216) 
originally suggested that the ultraviolet absorp- 
tion in the region of 280 my shown by protein solu- 
tions was due to the constituent cyclic amino 
acids, and Dhéré (65) attributed the ultraviolet 
absorption of yeast cells at 260 my to the purine 
and the pyrimidine moieties of ribonucleic acid, 
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it remained for Caspersson to show that a greater 
absorption maximum in cells at 260 my anda 
lesser maximum at 280 mu are due, respectively, 
to the presence of nucleic acids and proteins. By 
such means as (a) the ultraviolet absorption meth- 
od, (b) the use of the visible Feulgen reaction for 
desoxyribose, which is a constituent of desoxyribo- 
nucleic acid (DNA) but not of ribonucleic acid 
(RNA), (c) the employment of specific nucleases 
(123, 143) for hydrolysis, and (d) the use of isola- 
tion procedures, the work of Caspersson (40-42), 
Claude (45-48), Brachet (29-31), Mirsky and co- 
workers (158-160, 196, 197), and others (59-61, 
90, 204) demonstrate that in the interphase cell 
there are appreciable quantities of DNA in the 
nuclear chromatin and of RNA in the nucleolus 
and in the cytoplasm and that in the dividing cell, 
particularly at metaphase, there is a great concen- 
tration of DNA in the chromosomes. 


The observations that nucleic acids are prominent constitu- 
ents of biological elements such as chromosomes, nucleoli, 
mitochondria (45-47) and, presumably, genes, and of viruses 
(217), growth organizers (29) and mutation or transforming 
factors (4) focus great interest upon the role of these com- 
pounds and their chemical moieties in the mechanisms of 
growth, reproduction, heredity, and the genesis of cancer. The 
majority of the applications of ultraviolet and visible micro- 
spectroscopy in biology and cytology are in these fields of in- 
terest. Since the subject of ultraviolet microscopy is thoroughly 
covered in the comprehensive article by Fitzgerald and Eng- 
strom (81), this review will present only those observations 
which appear to be of immediate pertinence to cancer research. 
Caspersson and co-workers (41, 42), as a result of microspectro- 
scopic studies of nucleic acids, have presented a theory of cel- 
lular growth. Caspersson and Santesson (42) observed an in- 
creased ultraviolet absorption at 260 my in the nuclear chroma- 
tin, nucleolus, and cytoplasm of epithelial cancer cells of human 
tissues in fixed sections and interpret this as a manifestation of 
an altered and accelerated growth mechanism in which the 
DNA of the nucleus has a special and determinative role. 
Stowell (221, 223), using the Feulgen reaction and visible mi- 
cro-absorption colorimetry of fixed sections, found a greater 
amount of DNA in the cells of human epithelial carcinomas as 
compared to adjacent homologous normal tissues, and ob- 
served analogous differences in experimental carcinogenesis. 
Opie and Lavin (171) determined by ultraviolet absorption and 
enzymatic digestion that RNA accumulates in the cytoplasm 
of liver cells that are hyperplastic and precursors of tumors 
produced by feeding butter yellow to the rat; Stowell (222) re- 
ported substantially similar observations. Catchpole and Gersh 
(43), in an ultraviolet microabsorption analysis of isolated cel- 
lular components, found an increased amount of nucleic acid in 
small cytoplasmic particles in cells of hepatoma, as compared 
to normal liver. The ultraviolet method is applied to the study 
of: tissue sections of human sarcomas by Moberger (41) and by 
Santesson, Moberger, and Caspersson (41); sections of brain 
tumors by Moberger, Hakanson, and Ringertz (161); marrow 
cells of acute leukemia by Thorell (234); marrow cells of multi- 
ple myeloma by Olhagen (170); and exfoliated cancer cells in 
the vaginal smear (145, 146, 151). The results of these studies 
indicate an alteration in the quantity and the distribution of 
nucleic acids in the neoplastic cell. 

There is confusion in the literature concerning the ultra- 
violet absorption properties of the living cell in the region of 


260 mu. Larionow and Brumberg (36, 126) maintained that 
nuclear structural elements (except nucleoli) do not absorb at 
254 my, unless the cell is damaged or killed. Ris and Mirsky 
(196) stated that the living interphase nucleus of uninjured 
cells absorbs diffusely at 254 my and that chromosomal (chro- 
matin) structures are not visible in the ultraviolet unless they 
are also distinct in the visible region. The qualitative and the 
quantitative observations of others (62, 75, 148, 241), however, 
show beyond a doubt that there is localized absorption at 260 
my in the nuclear chromatin, nucleolus, and cytoplasm of liv- 
ing, uninjured interphase cells. The maximum tolerated dose of 
ultraviolet radiation imposes a considerable restriction on the 
type and number of observations permissible in this wave 
length region (62, 135, 148). Injury by radiation or by other 
means modifies the light-absorbing properties of both nucleus 
and cytoplasm, and, as shown by Bradfield (32), the response 
varies with the type of cell. 

Ludford, Smiles, and Welch (140-142) have some re- 
markable ultraviolet photographs at 257 and 275 my of fresh 
tissue spreads prepared from a variety of sarcomas and carcino- 
mas of the mouse. These show that the sarcoma cells, in com- 
parison with stromal fibroblasts, are larger; their nuclei are 
larger, have more chromatin, and bigger nucleoli; and their 
cytoplasm has a greater mitochondrial content which absorbs 
intensely. The cells from the most rapidly growing tumors ex- 
hibit the most intense ultraviolet absorption. 

Recently, the results obtained by the microspectroscopic 
analysis of individual nuclei for nucleic acids are being com- 
pared to the data obtained by the biochemical analysis of 
known numbers of isolated nuclei. The one method gives the 
frequency-distribution of values for individual nuclei, while the 
other yields the average for many nuclei, which, depending 
upon their tissue of origin, may be cytologically very diverse. 
The concept of Boivin, Vendrely, and Vendrely (28, 239, 240) 
and the confirmatory observation of Mirsky and Ris (160) that 
the quantity of DNA in each set or fundamental number of 
chromosomes is constant in accordance with the genetic re- 
quirements of relative constancy in the composition of chromo- 
somes has been extensively investigated by Pollister and his as- 
sociates (189), notably, Swift (228, 229) and Leuchtenberger 
(127, 130), and by Pasteels and Lison (178) with the method of 
Feulgen-staining and micro-absorption colorimetry. The rela- 
tive quantity of DNA so determined in the nucleus of an inter- 
phase somatic (diploid) cell is very similar for different species 
of mammals and is twice that of a germinal (haploid) cell; and 
some tissues, notably the liver and the pancreas, contain nuclei 
with 1, 2, and 4 times the diploid amount of DNA, although in 
some groups of nuclei the DNA does not follow this geometrical 
relationship (178). High order polyploidy and correlating DNA 
values are observed in the tissue cells of lower animals (229); 
studies on the cells of plants show either inconstancy (203) or 
constancy (228) of the DNA per nucleus; and under certain 
conditions the nuclear DNA is observed to be altered spon- 
taneously (29-31), experimentally (59-61, 121, 122), and func- 
tionally (130). Among the most interesting observations is the 
finding (189) that in rapidly dividing tissue the synthesis of 
DNA for the new set of chromosomes takes place not in pro- 
phase, as customarily supposed, but in interphase, when there 
is no morphological evidence of mitosis. Moses (163) studied 
the nucleic acids and the proteins of Paramecium by visible 
ultramicrocolorimetry and has substantiated the genetic evi- 
dence that the macronucleus contains a multiple of the genetic 
elements possessed by the micronucleus in the diploid state. 
Naora (164, 165), in contrast with the work of many and using 
an improved optical system, found an arithmetical rather than 
a geometrical progression in the quantity of Feulgen-stained 
DNA in hepatic nuclei. 

The quantitative estimation of DNA in isolated individual 
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nuclei from the liver, the thymus, and the sperm of the beef and 
the rat is made by the Leuchtenbergers and the Vendrelys 
(129) with the ultraviolet absorption method of Caspersson. 
The DNA per nucleus, expressed in units of 10~ gm., is found 
by this method to be of the order of 6 for diploid and 3 for 
haploid cells—which is in excellent agreement with the results 
obtained by chemical analysis. Leuchtenberger, Klein, and 
Klein (128) found by means of ultraviolet microspectroscopic 
analysis that the DNA content of nuclei of the Ehrlich ascites 
tumor cell of the mouse is twice that found in normal diploid 
nuclei, whereas the quantity of DNA per nucleus in the DBA 
ascites lymphoma is similar to that of diploid nuclei. These re- 
sults are in accord with the chromosome counts of Hauschka 
and Levan (107) on similar material. The average RNA per 
nucleus (128), as estimated by the difference in ultraviolet ab- 
sorption before and after ribonuclease digestion, is markedly 
increased, however, in both types of ascites tumor cells, in 
comparison with that of normal cells. Petermann and Schneider 
(182) observed by biochemical analyses an increase of RNA 
and DNA in the nuclei of transplanted mouse leukemia over 
that of normal splenic nuclei; and Cunningham, Griffin, and 
Luck (58) found no difference in the chemically determined 
DNA per nucleus in normal (see 106) and neoplastic tissues of 
the rat. | 

The advantages of using isolated nuclei mounted in glycerin 
for the microspectroscopic determination of DNA are (129) a 
more favorable distribution of absorbing materials and the 
elimination of the necessity for the measurement of thickness. 
Recently, by means of simplified procedures for the conversion 
of tissues into suspensions of nuclei, and with proper mounting 
(3), for which glycerin alone is less than optimal, nuclei are 
prepared? that are optically homogeneous, as shown by phase 
and interference microscopy as well as by ultraviolet absorp- 
tion microspectroscopy. A factor of uncertainty in quantitation 
for which no immediate answer is in sight is the magnitude of 
the specific extinction coefficient for DNA as it exists in the 
nucleus. 


Ultraviolet micro-absorption spectroscopy is 
used to estimate the quantity of total nucleic 
acids in interphase nuclei of squamous-cell car- 
cinomas and of normal epithelial cells that exfoli- 
ate from the mucosa of the human cervix uteri 
(151). There is a trimodal distribution of values in 
a group of abnormal cells and cancer cells (classes 
ITI, IV, and V of Papanicolaou [176, 177] com- 
bined), with an average and a modal quantity of 
total nucleic acid per nucleus which is 2, 4, and 8 
times, respectively, that for the unimodal distribu- 
tion given by a group of normal and atypical 
epithelial cells (classes I and II combined). A 
geometrical progression in values is consistent 
with the general concept of growth (72) by the re- 
duplication of nuclear formed elements (22, 121, 
236) containing DNA and RNA, and the data 
have cogent bearing upon the development of 
methods for the cytological diagnosis of cancer 
(149). 

Infrared absorption.—The infrared spectrum of 
an organic compound is a physical property that 
may be used in the identification of the compound 
and in the investigation of its molecular structure 
(33, 244). The potentialities of the infrared spec- 


trum, as compared to spectra obtained in 
other spectral regions, are shown by the fact that 
biochemical compounds, such as the carbohy- 
drates and the lipids (which are essentially non- 
absorbing in the ultraviolet and the visible regions) 
and the proteins (which have one similar broad 
absorption band in the ultraviolet region), are 
characterized by distinct, many-banded spectra in 
the infrared. Moreover, a study of the absorption 
spectra with polarized infrared radiation (12, 74, 
85, 103, 181, 224) reveals the direction, if such 
exists, for the preferred arrangement (orientation) 
of certain chemical bonds. By this means, for ex- 
ample, it is observed that in certain types of 
fibrous proteins the carbonyl bonds (C = O) are 
oriented perpendicular to the axis of the fiber, and, 
from this fact, and the accepted nature of the 
peptide bond, it can be deduced that the polypep- 
tide chains are predominately extended and ori- 
ented parallel to the fiber-axis. 


In the application of infrared spectroscopy to the study of 
the biochemical constituents of tissues and the tissues them- 
selves, the cross-sectional area of the sample required in current 
systems of microspectroscopy (12, 24, 25, 86, 103, 147, 246) is 
of the order of a square 10-50 uw on an edge, with the smaller 
sample analyzable only in the very near infrared, while for 
macrospectroscopy the linear dimension is 10 or more times 
this value. Barer, Cole, and Thompson (12) were the first to 
describe a system of infrared microspectroscopy and to record 
the spectra of minute quantities of antibiotics, therapeutic fac- 
tors, biochemical compounds, fibers, crystals, and tissue cells. 
Blout and his co-workers (27) determined the infrared spectra 
of dehydrated tissue sections and smears by macrospectroscopy 
and observed the presence of an intense absorption band, which 
lies at the same position as a strong band in the nucleic acid 
spectra (26), in a section of a rapidly proliferating cellular 
mammary carcinoma, as contrasted with the lesser absorption 
of a benign adenoma of this gland; and they (23-25) re- 
corded the spectra of nucleohistone fibers, steroid crystals, and 
tissue sections with both a macro- and a microspectrometer. 

Wood (247) observed the infrared microspectrum of living 
muscle cells (in the spectral region beyond that in which water 
has intense absorption) and found the spectrum to be closely 
duplicated by that of the protein, myosin. Morales et al. (162) 
studied the infrared absorption of proteins and of other con- 
stituents derived from the contractile system of skeletal 
muscle. Fraser and Fraser (85, 243) presented data on the 
molecular structure of DNA obtained by the microspectros- 
copic study of oriented samples with polarized infrared radia- 
tion. Schwarz (205) and co-workers found by macrospectros- 
copy that the spectra of anhydrous sections of “‘visceral’”’ tissues 
(liver, muscle, heart, kidney, adrenal, thymus, spleen, and 
lymph node) and of neural tissue have two different types of 
absorption bands: namely, bands which are common to all tis- 
sues and similar to those in the spectra of proteins and polypep- 
tides, and so-called “finger print bands” which are characteristic 
for the individual tissue. Stevenson and Bolduan (218) dis- 
cussed the use of infrared spectroscopy in the identification of 
dried films of bacteria. Woernley (245), in an investigation of 
the infrared macrospectra of dehydrated tissues and tissue 
components, attributed the absorption pattern of DNA and 
RNA in the wavelength region, 8-11 4, to the pentose and 
phosphoric acid moieties. He observed a strong resemblance in 
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this region between the spectra of nucleic acids and that of 
films of isolated nuclei, and correlated, in a general way, the 
intensities of the absorption bands with the concentrations of 
nucleic acids in the tissues. Thus, the infrared and the ultra- 
violet absorption spectra may provide complementary and 
substantiating information about cellular nucleoproteins. A 
universal microspectrometer for the infrared, visible, and ultra- 
violet regions is described (152); and a ratio automatic record- 
ing microspectrophotometer for the entire optical spectrum, 
which is under design and construction by the Perkin-Elmer 
Corporation,® will be a most versatile instrument with manifold 
applications in biology and medicine. 


Fluorescence.—When a molecule is brought to 
an excited state by the absorption of electromag- 
netic radiations and by the transfer of energy to a 
particular part of the molecule, a transition from 
this to a lesser energy level may be accompanied 
by an emission of light which, if instantaneous, is 
called a fluorescence spectrum (191) and for com- 
plex molecules consists of a continuous emission 
band with several peaks of higher intensity. While 
the relation between the chemical structure and 
the fluorescence of an organic molecule is but poor- 
ly understood, it is known that a closed ring struc- 
ture favors luminescence, as is observed in the ma- 
jority of aromatic hydrocarbons composed entirely 
of condensed benzene rings, and in many hetero- 
cyclic compounds. 


The use of fluorescence spectroscopy in the investigation of 
complex mixtures of hydrocarbons in carcinogenic tars is a 
historical methodological step in the isolation and identifica- 
tion of benzpyrene as a cancer-producing agent (52). Graffi (93) 
was the first to employ the fluorescence microscope in the study 
of the uptake of chemically pure carcinogens by living mam- 
malian cells in tissue culture. The localization and distribution 
of cutaneously applied carcinogenic hydrocarbons is a subject 
of investigation which is facilitated by the fluorescence of car- 
cinogens and their derivatives. Doniach, Mottram, and Wei- 
gert (67, 68) observed a brilliant violet fluorescence spectrum 
in the skin of mice painted with 3,4-benzpyrene and in certain 
organs of animals receiving intravenous injections of suspen- 
sions of the carcinogens. Simpson and Cramer (212, 213) ex- 
amined frozen sections of the skin of mice with a fluorescence 
microscope and found that fluorescing material appears in the 
epidermis within a day after a single painting with 20-methyl- 
cholanthrene and persists for several weeks. Setilai (209, 210) 
used polyethylene glycols rather than organic solvents as 
vehicles for the carcinogens, 20-methylcholanthrene, 1,2,5,6- 
dibenzanthracene, 9,10-dimethy]-1,2-benzanthracene, and 1,2- 
benzanthracene; and he studied their cutaneous localization by 
fluorescence microscopy. Berenblum, Holiday, and Jope (21) 
discussed the possibility of seeking carcinogens in individual 
cells by fluorescence microspectroscopy, an approach which is 
now a reality in that this analytical method is used (150) in the 
study of fluorescing material that localizes in epithelial cells of 
the bladder after the ingestion of the carcinogen, 6-naph- 
thylamine. Sjostrand (214, 215) described the use of fluores- 
cence microspectroscopy in the detection of riboflavin and 
thiamin in tissue cells. 

Cells and tissues may be stained with fluorescent dyestuffs 
(fluorochromes) which, because of their basic or acidic chemical 
properties and other factors, localize in and differentiate nu- 
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clear and cytoplasmic structures, as do conventional dyestuffs. 
The subject of fluorescence microscopy and the employment of 
fluorochromes are discussed in the comprehensive monograph 
of Haitinger (102) and in articles by Barnard and Welch (14), 
Ellinger (73), and Richards (194). 


An ingenious method for the microscopic locali- 
zation of antigenic material in tissue cells, employ- 
ing fluorescence microscopy and antibody conju- 
gated with the fluorochrome, fluorescein, is de- 
scribed by Coons (53) and his collaborators. 

Friedman (89) described the use of three fluoro- 
chromes in the study of exfoliated cells in the 
vaginal smear: berberine sulfate, a basic dye that 
imparts a brilliant yellow-white fluorescence to 
nuclei; acid fuchsin, an acidic dye that combines 
with the cytoplasm to provide a red-purple fluores- 
cence; and acridine yellow, which acts as a nuclear 
and cytoplasmic fluorescent stain. Cancer cells are 
observed in general to fluoresce more brightly than 
do normal cells and to have cytoplasmic bright 
orange or red-orange fluorescence which differs in 
color from that of normal cells. 

The development of a quantitative scanning 
method for the preliminary screening of smears for 
the presence of cancer cells has been undertaken 
by workers at the Memorial Center (149, 153). 
The underlying chemical and physical principles 
are as follows: cells are stained with a basic fluoro- 
chrome, such as berberine, under conditions (101, 
156) that favor selective combination of the dye 
with chemical constituents, such as DNA, which 
are located in greater concentration in the nucleus; 
squamous cancer cells, relative to normal cells 
which exfoliate from the cervix uteri, combine 
with more fluorochrome and emit on the average 
per unit nuclear area twice the quantity of light 
energy of normal cells. The light energy derived 
from the scan of a cell is converted by a photocell 
into a voltage pulse which, in turn, is analyzed in 
terms of its ability to energize an electronic count- 
ing circuit that is set to respond to a certain volt- 
age imput and to register automatically thereby 
the presence of certain types of cells—e.g., a can- 
cer cell, as differentiated from a normal cell. If it is 
shown by microspectroscopy that cancer cells with 
a characteristic fluorescence hue, when stained by 
the polyfluorochrome method of Friedman (89), 
have a distinct difference in the fluorescence spec- 
trum when compared to the normal cell, then this 
additional discriminative property may be con- 
veniently utilized by the scanning device. 


SUMMARY 

A description has been given of some of the re- 
cent advances in methods of microscopy of the 
cell which utilize the phase (phase, interference, 
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and polarizing microscopy), the plane (polarizing 
microscopy), the dispersion (dispersion micros- 
copy), and the amplitude and the frequency (mi- 
crospectroscopy) of light waves in the optical 
spectrum. The applications of these methods to 
the study of the mass, the elementary and organic 
chemical composition, and the structure of the 
nucleus, nucleolus, chromosomes, mitotic appara- 
tus, and cytoplasmic particles are presented with a 
view toward the manifest or potential significance 
of the results in cancer research. 

The unique value of the phase microscope is 
that it, as no other method, provides a means for 
the structural analysis of living cells without the 
hazard of injury or the uncertainty of artifact. 
Outstanding among the applications are the study 
of the events during mitosis, the formation and the 
movement of chromosomes, and the structural al- 
terations in the mitochondria. 

Recent improvements in the polarizing micro- 
scope make it possible to investigate the spindle 
apparatus in the living, dividing cell and provide 
information which indicates the spindle to be an 
orienting force through which a co-ordinated con- 
tractile mechanism for chromosome movement is 
built up from protoplasm. It has been shown by a 
study of the effects of colchicine that there is a 
close relation between the mechanical integrity of 
the spindle and the maintenance of the metaphase 
plate of chromosomes. The contractility of spindle 
fibers is interpreted in terms of the folding of 
molecular (polypeptide) chains during anaphase. 

By means of interference microscopy, loci of 
identical optical paths through a cell-object appear 
as alternate bright and dark lines, called interfer- 
ence fringes, which form a contour-like map of the 
object. This effect may be interpreted in terms of 
variations in thickness of the cell-object, with a 
resolution of the order of 0.03 y, or it may be used 
to compute the anhydrous organic (protein) mass 
and the hydrous protoplasmic mass of a living, or 
unfixed, cell-object. 

Dispersion microscopy provides a method for 
the determination of the refractive index of a bio- 
logical object. The difference in index between 
certain cellular structures is such that, by the use 
of this method, structures appear in contrasting 
color due to optical effects. 

The observations that nucleic acids are promi- 
nent constituents of biological elements such as 
chromosomes, nucleoli, mitochondria, and, pre- 
sumably, the genes focus great interest upon the 
role of these compounds and their chemical moie- 
ties in the mechanisms of growth and the genesis 
of cancer. Applications of ultraviolet and visible 
microspectroscopy in these fields of interest are 


discussed. The quantitative estimation of nucleic 
acids in individual nuclei of cancer cells of the 
mouse and the human cervix uteri yields values 
that are distinctly greater, by a geometrical pro- 
gression, than those of the normal cell. 

The use of infrared microspectroscopy in the 
analysis of the biochemical constituents of tissues 
and the tissues themselves is discussed in terms of 
the identification of organic compounds and the 
investigation of molecular structure. 

Fluorescence microscopy and microspectros- 
copy provide a means for the investigation of the 
localization and the distribution of fluorescent 
carcinogens in tissues and cells. Fluorescent dye- 
stuffs (fluorochromes) may be used to differentiate 
nuclear and cytoplasmic structures, as do con- 
ventional dyestuffs. Exfoliating cancer cells of the 
vaginal smear have distinguishing properties rela- 
tive to normal cells when stained with fluoro- 
chromes. One or more of these discriminative prop- 
erties may be utilized by an automatic scanning 
device for the detection of cancer cells. 
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Fic. 1.—Living fibroblast cell in tissue culture of embryo 
mouse skin. Phase photomicrograph, dark contrast, 1,500, 
N. A. 1.25. The formed elements in the nucleus are nucleoli; 
and those in the cytoplasm are dark spherical ‘fat’ droplets 
and elongated filamentous mitochondria. 

Fic. 2.—Living odcyte of Chaetopterus pergamentaceous. 
Photomicrograph taken with a special polarization microscope, 
approximately 2,000 X, N. A. 0.84. The metaphase spindle is 
vividly displayed because of its birefringence. The position of 
some of the chromosomes can be identified in the equatorial 
plane. (Photograph obtained through the courtesy of Dr. 
Shinya Inoué, School of Medicine, University of Washington.) 

Fig. 3.—Living sarcoma cell in tissue culture of the mouse 
tumor, Ma 387. Phase photomicrograph with same magnifica- 
tion and optical conditions asin Figure 1. The nucleusis large and 
contains numerous aggregations of chromatin; and spherical 
and elongated mitochondria are present in abundance. (Photo- 
graphs obtained through the courtesy of Dr. John Biesele, 
Sloan-Kettering Institute for Cancer Research.) 
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Fics. 4-7.—Living sarcoma cells in tissue culture of the 
mouse tumor, Ma 387. Multiple-beam interference photomicro- 
graphs with monochromatic light, A, 0.546 uw, 1,000 K, N.A. 
0.85, and with the cells temporarily suspended in air. The inter- 
ference fringes appear as bright topographical or contour lines, 
some of which are concentric with the nucleus, and they may 
be interpreted in terms of minute variations in the thickness of 
the cell or be used to compute the hydrous mass of protoplasm 
in various parts of the cell. For example, the nuclei of these sar- 
coma cells have an average hydrous protoplasmic mass of 
240 & 10-” gm., a value substantially greater than that found 
in embryonic fibroblast nuclei. 

Fics. 8, 9.—Squamous epithelial cells of the human buccal 
mucosa. Multiple-beam _interference photomicrographs in 
monochromatic light, A, 0.546 yw, 1,000 *, N. A. 0.85, and with 
the cells suspended in air. 
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Fics. 10-—13.—Sarcoma cells and nuclei of the mouse tumor, 
Ma 387. Ultraviolet photomicrographs at A, 0.265 yu, 1,500 X, 
Bausch and Lomb (Grey design) reflecting objective, N. A. 
0.72. 

Fic. 10.—Living cell in tissue culture. 

Fic. 11.—Cell in tissue culture fixed with acetic acid-alcohol 
and mounted in glycerin. 

Fic. 12.—Cells and nuclei isolated in 0.88 Mm sucrose with 
0.0018 m CaCl. and mounted in glycerin. 

Fic. 13.—Similar procedure to Figure 12 except cells and nu- 
clei are mounted in 0.88 Mm sucrose, pH 7.0 buffer. The nucleic 
acid content per nucleus is computed from the product of the 
ultraviolet absorption (extinction) and the area of nuclei in 
optically homogeneous preparations such as Figure 18 and is 
17.1 X 10-" gm. for these sarcoma nuclei, a value very much 
greater than that found in embryonic fibroblast nuclei. 
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Studies on the HST’ (Hamazaki)* Virus Isolated from 


Yoshida Tumor 


Yukio HaMaAzakI, Jiro Sato, MasaBumi TAKAHAsHI, Hiromitsu TANI, Toru AokI, 
‘TosHio SASAKI, AND IkuRo MurAKAMI 


(Department of Pathology, the Okayama University Medical School, Okayama, Japan) 


It is natural to believe that malignant growth 
is due to some external agent capable of sustained 
action, and the assumption that this agent is 
living and multiplying in the neoplasm appears to 
be the best explanation for its persistent effects. 
It is now known that many malignant tumors in 
birds and a few benign tumors in mammals are 
transmissible by means of cell-free filtrates, and 
there are good reasons for believing that the ac- 
tive agents in these filtrates are viruses. 

The Yoshida tumor is an ascites tumor of the 
rat (13); it has been assumed to be derived from 
the serous cells of the peritoneum (4), from the 
stellate cells of the liver (14), or from monocytes 
(1). The possible virus etiology of the ascites tu- 
mor was first investigated by Yoshida and his co- 
workers, but their experiments led them to dis- 
card this hypothesis. Kinoshita (9) and his asso- 
ciates believed at first that this tumor was caused 
by a virus, because it could be transmitted by the 
inoculation of blood serum or urine from tumor- 
bearing rats into healthy ones. Since the possi- 
bility of free tumor cells in these fluids was not 
excluded, however, they discarded the virus the- 
ory. Terada et al. (11) also objected to the virus 
theory on the basis of experiments showing the 
nontransmissible character of the ascites filtrate 
prepared by means of Berkefeld filters. Ishibashi 
(8) also discarded the possibility of virus etiology 
after the following experiments. He diluted tumor 
ascites 4-17 times and centrifuged the resulting 
suspension at 3,000 r.p.m. for 30-90 minutes. 
Droplets of the supernate were brought under the 
micromanipulator, observed to be strictly cell- 
free, and injected into the peritoneal cavity of nor- 
mal rats. With one exception, the results of the 


* The HST virus was named by Y. Hamazaki, the director 
of the Department of Pathology, the ““HST”’ being derived 
from the initials of the main investigators: Y. Hamazaki, 
J. Sato, T. Sasaki, M. Takahashi, and H. Tani. | 

This work was supported by grants-in-aid of the Brazilian 
Japanese Society for the support of Japanese science. 
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fifteen experiments were negative. The rapidity 
of the accumulation of ascites in the single posi- 
tive case was similar to the rate of ascites forma- 
tion in experiments where one or two tumor cells 
had been inoculated. Therefore, this author be- 
lieved that there were no data to exclude the pos- 
sibility of an accidental persistence of a single 
tumor cell in the material used for the inocula- 
tion. Yasuda and Hasegawa (12) injected the 
supernate of tumor ascites centrifuged at 3,000 
r.p.m. into healthy rats with positive results, but 
found that when they injected a Seitz filtrate no 
ascites appeared, except in one castrated animal. 
These results were interpreted from the prevailing 
viewpoint that the transmission of this ascites 
tumor could only be effected by inoculation of the 
tumor cell. 

Recently, we have reported some observations 
on the presence of fine granules of polymerized 
desoxyribonucleic acid in the cytoplasm of tumor 
cells. These granules were demonstrable by the 
Feulgen reaction and were destroyed by the action 
of crystalline desoxyribonuclease (7). Moreover, 
we demonstrated the appositional neoplastic 
growth of the serous cells in grafted rats, and re- 
cently we showed specific nuclear inclusion bodies 
of the A-type of Cowdry in mesenteric lymph 
nodes (5). These results led to our present attempt 
to demonstrate that a virus is the causative agent 
of this tumor. 


METHODS AND RESULTS 

Methods of virus isolation.—Adequate consider- 
ation has been given to dormant as well as patho- 
genic viruses of mice. Evidence of this fact may 
be seen in our experiments with the ten strains of 
viruses listed below. The mice used in our labora- 
tory were not laboratory-bred, but were obtained 
from strains bred several hundred miles apart. 
Mice originating in the areas around Okayama, 
Gifu, and Tokyo gave identical results in these 
experiments. | 

Since 1940, we have carried out experiments in 
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mice with the following diseases: Japanese B en- 
cephalitis, St. Louis encephalitis, choriomeningitis, 
louping ill, neurotropic herpes encephalitis, vac- 
cinia encephalitis, American equine encephalitis 
(Eastern type), spontaneous encephalomyelitis of 
mice, Lansing virus encephalomyelitis, and the so- 
called trachoma-virus encephalitis. Having been 
able to obtain adequate familiarity with the clini- 
cal symptoms and the microscopic findings in the 
brain as well as the viscera of mice with these 
diseases, we are convinced that the HST virus is 
fundamentally different from the viruses listed 
above. It should be noted in particular that this 
virus did not cause any fatal sickness, but pro- 
duced a widespread granulative inflammation 
without the formation of inclusion bodies in 
mice (3). 

It has not been our intention to carry out any 
intracerebral passages of the Yoshida tumor; our 
primary objective has been the separation of the 
virus. We therefore utilized not only the tumor 
ascites, but also cell-free supernates prepared 
from it. This virus may also be isolated at will by 
means of various methods which will be mentioned 
below. 

Mice which received an intracranial injection 
of 0.03 cc. of rat tumor ascites died, as a rule, 
5-6 days later after serious brain symptoms 
with paralysis of the extremities or convulsions. 
When the symptoms indicated an involvement of 
the central nervous system, animals were killed, 
and an emulsion of the brain was prepared, diluted 
tenfold with bouillon and centrifuged at 3,000 
r.p.m. for 3 minutes. When the supernate of this 
brain emulsion was transmitted by successive 
intracranial injections of 0.03 cc. from animal to 
animal, the symptoms became _ progressively 
milder, and 4-6 days after the fourth or fifth pas- 
sage, the animals—though very sensitive, with im- 
mediate reactions to any slight irritation on the 
skin or on the tail—did not usually die and recov- 
ered from the sensitivity in a few weeks. After this 
number of passages through successive animals, 
a brain emulsion was filtered through a Berkefeld 
filter (tube W). By continuous passages, a fixed 
neurotropic virus was obtained which caused a 
certain meningoencephalitis in mice. In this way 
we have isolated the first “Osaka strain,” which 
is now in the 70th passage. In a different ap- 
proach, we immediately transmitted the tumor 
ascites without any treatment into the abdominal 
cavity of normal mice. Four to 5 days later, these 
mice displayed extensive ascites and gradually be- 
came very sensitive to irritation. An emulsion was 
prepared from the brains of these animals in the 
same way as in the earlier experiments. After sev- 


eral passages, the filtration procedure was carried 
out. In this way, we have isolated the “Tokyo 
strain,” which is now in its 57th generation. Inocy- 
lation by way of the nasal passages is also success- 
ful, but the morbidity is less pronounced than 
after intracranial transmission. 

Virological aspects of the HST virus.—The in- 
cubation period for this viral disease usually 
varied from 4 to 6 days, but occasionally extended 
to about 3-4 weeks. Symptoms consist of an in- 
creased sensitivity of the skin which is sometimes 
not very pronounced. This viral disease is not 
fatal; the symptoms as a rule continue for several 
weeks or longer. At first this virus appeared to be 
a neurotropic one, but after about 30 generations 
this neurotropism became less and less _pro- 
nounced, while a viscerotropic characteristic grad- 
ually revealed itself. At this time, histological 
examination showed a widespread formation of 
inflammatory granulation in the viscera with some 
proliferation of epithelial tissues, including the 
serous membrane (Figs. 1-3). 

The virus itself can produce simple ascites in 
the rat but cannot form any ascites tumor. Never- 
theless, it should be noted that mice inoculated 
with the virus often exhibited anaplastic growth 
of peritoneal serous cells and also occasional neo- 
plastic ascites. 

In addition to these general characteristics of 
the HST virus, it should be stated that it can be 
preserved in glycerine for 5 weeks, is stable to 
heat up to 60° C. for 30 minutes, and remains in- 
tact for over 8 weeks in the frozen-dried state. 
The dose required to obtain 50 per cent incidence 
of disease is a 10~’ dilution of brain emulsion, 
while by the neutralization test a similar incidence 
was obtained with dilutions of 10~4. Yolk sac inoc- 
ulation of chick embryo with this virus also is suc- 
cessful. Details of these findings are to be pub- 
lished in a future report. 


IMMUNIZATION TESTS 

Immunization by intra-abdominal injection of 
brain emulsion containing the virus.—The brain of 
the mice inoculated with the Osaka strain virus 
was reduced to an emulsion and diluted 1:10 with 
bouillon. After centrifugation at 3,000 r.p.m. for 
5 minutes, 0.03-0.3 cc. of the supernate was in- 
jected into the abdominal cavity of a healthy, 
adult mouse, and the injection was repeated 3-5 
times at weekly intervals. Ten days after the last 
administration, various amounts of fresh tumor 
ascites of the Tokyo strain were injected into the 
abdominal cavities; in this way, a half-crossing 
neutralization test was carried out (Table 1). For 
the control experiments, an emulsion was pre- 
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pared from the brain of normal mice in the same 
way, the supernate was injected, and the tumor 
ascites of the Tokyo strain was transmitted in the 
same manner. One, 2, 3, and 6 days after the 
transplantation of the ascites, the fluid from the 
abdominal cavities of the treated animals was 
transmitted into the abdominal cavities of healthy 
rats. The latter were examined several times by 
puncture of the abdominal cavity during the pe- 
riod of 2 or 3 weeks. The control mice exhibited 
a greater abundance of abdominal fluid than did 


(6). The final results, as shown in Table 1, may 
be summarized by stating that it can be readily 
recognized that immunity which is sufficient to 
check tumor growth occurs after three to five in- 
jections of the virus emulsion. 

Effects of actwe immunization on intracranial 
inoculation with tumor ascites.—In inbred rats the 
immunity to the ascites tumor generally tended to 
rise to a lesser degree (10). We have carried out 
immunization tests on mice to determine whether 
or not they could produce powerful immune bodies 


TABLE 1 
NEUTRALIZATION TESTS OF RAT ASCITES TUMORS IN THE PERITONEAL CAVITY OF MICE 
IN THE RAT 
Ascitic material from mouse 
IN THE MOUSE Time in 
Injections mouse 
Subsequent* prior to 
Initial Amt. of ascites transfer Amt. given 
No. of No. of | tumor injected No. of to rat rat Tumor 
mouse Substance inj. (ec.) Effect rat (days) (ec.) growth 
42 /M. Virus HST 5 0.01 none 1 1 0.05 none 
Kb 5 Normal brain 3 0.01 ascites, meningitis 2 1 0.05 “ 
42/M Virus HST 5 0.01 none 3 2 0.03 none 
Kb 5 Normal brain 3 0.01 ascites, meningitis 4 2 0.05 + 
47/M. Virus HST 3 0.01 none 5 2 0.025 + 
Kb 4 Normal brain 3 0.01 ascites, meningitis 6 2 0.035 oe 
48 /M Virus HST 3 0.001 none 7 2 0.05 none 
Kb 3 Normal brain 3 0.001 ascites, meningitis 8 2 0.05 > 
93/M Virus HST 3 0.0001 none 9 2 0.05 none 
Kb 2 Normal brain 3 0.0001 ascites, meningitis 10 2 0.02 o 
94/M Virus HST 3 0.00001 slight ascites 11 2 0.05 none 
Kb 1 Normal brain 3 0.00001 ascites, meningitis 12 2 0.05 os 
42/M Virus HST 5 0.01 none 13 3 0.05 none 
Kb 4 Normal brain 3 0.01 ascites, meningitis 14 3 0.05 ~ 
47/M Virus HST 3 0.01 none 15 3 0.05 none 
Kb 5 Normal brain 3 0.01 ascites, meningitis 16 3 0.05 a 
42/M Virus HST 5 0.01 none 17 6 0.05 none 
Kb 5 Normal brain 3 0.01 ascites, meningitis 18 6 0.05 none 
47/M Virus HST 3 0.01 none 19 6 0.05 none 
Kb 4 Normal brain 3 0.01 ascites, meningitis 20 6 0.05 none 


* Ten days after last injection of virus or brain. 


the experimental animals. Within 1-3 days after 
intraperitoneal inoculation of tumor ascites, some- 
what abnormal forms of the tumor cell in the 
ascitic fluid were seen in both the control and ex- 
perimental animals. Several days later, the for- 
mer appeared to suffer from ascites which con- 
tained tumor cells in addition to leukocytes in 
various numbers. The experimental animals ex- 
hibited practically no increase in abdominal fluid, 
and this fluid contained only degenerating or dis- 
integrating tumor cells with many leukocytes. 
Control mice bearing the ascites became very sen- 
sitive to slight irritation of the skin; this was evi- 
dence of infection with this neurotropic virus. 
Histological examination revealed the typical 
meningoencephalitis which we reported earlier 


(Table 2). Healthy, adult mice were given intra- 
peritoneal injections of 0.3—0.7 cc. of tumor ascites 
of the Tokyo strain. The injections were repeated 
3-4 times at weekly intervals. Ten days after the 
last administration, they received intracranial 
injections of the tumor ascites in amounts varying 
from 0.01 to 0.0025 cc. For the control experi- 
ments, healthy adult mice received only the tumor 
ascites intracranially in the same way. After in- 
jections by this route, the immunized animals 
generally showed no symptoms or pathological 
changes. Although mice 102/m and 103/m ex- 
hibited a somewhat increased sensitivity of the 
skin, histological examination revealed only slight 
growth of fibrillar glial cells of the ependyma, 
scattered meningitis, occasional perivascular in- 
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filtration, ete. In control animals, the meningial 
symptoms of irritation were very apparent, and 
the animals crouched in the shelter with hair and 
tail erect. The histological changes in the brain 
indicated unlimited growth of the tumor cells re- 
sulting in a widespread destruction of the brain 
matter. Moreover, half of the control animals died 
within 1 week after inoculation of the tumor 
ascites. 

Effects of the immune serum of rabbit.—Healthy, 
adult rabbits received intravenous injections of the 


obvious ascites, while those which received mixture 
C appeared normal. These results indicate that 
the inhibition of the growth ability of the tumor 
cells through neutralization with immune serum 
is simply the result of neutralization of the virus 
in the tumor cells. Therefore, the unlimited 
growth ability of the tumor cells can be made to 
reappear by reintroducing the virus into the in- 
activated cells (Table 3). It should be noted that 
in this experiment the previous administration of 
the virus emulsion causes an unusually strong 


TABLE 2 


IMMUNIZATION AGAINST THE GROWTH OF THE ASCITES TUMOR IN THE BRAIN BY 
PRIOR INJECTIONS OF THE TUMOR IN THE PERITONEUM 


INJECTIONS OF ASCITES TUMOR 


Initial Subsequent* 
Intra- Intra- Symptoms ft 
No. of peritoneal cranial After (days) Tumor 
Mouse (No. of inj.) (ec.) 5 6 7 s 9 18 GROWTH 

67/M 4 0.005 i + + + + SC “ 

102/M 3 0.0025 -s = + + + SC — 

SS SS UE 
103/M 3 0.0025 — i + + + SC —_ 
S 

73 / M 3 0.0025 SC 

Ka 1 0 0.01 TTT DT +++ 
EH, CR 

Ka 2 0 0.005 + + + + + SC + 
UE, SS EH 

Ka 3 0 0.0025 + > +tT +++ SC +++ 
EH, SS EH, CR HC 

Ka 4 0 0.0025 + TTT DT +++ 
EH, PL EH, CR 

Ka 5 0 0.0025 + -++ + DT 
EH, SS H, CR 

Ka 6 0 0.0025 + + + + ttt SC tT 
EH, SS EH, HC 


* Ten days after the last intraperitoneal injection. 


+SC = Sacrifice EH = Erected hair 
DT = Death CR = Crouching 
UE = Uneasiness HC = Hydrocephalus 
SS = Sensitivity PL = Paralysis 


ascites tumor in dosages of 2.0—5.0 cc. once a 
week. The treatment was repeated 5—7 times, and 
serum was prepared for neutralizations tests 10 
days after the last injection. The serum and fresh 
ascites tumor were mixed in the proportion of 2:1, 
and the mixture was left at room temperature for 
5-50 minutes (mixture A). The mixture was cen- 
trifuged at 3,600 r.p.m. for 10 minutes, the residue 
was washed with bouillon and centrifuged again. 
The residue was divided into two equal parts; one 
part was suspended with virus emulsion (mix- 
ture B), the other with bouillon (mixture C). The 
sum of mixtures B and C was made equal to the 
quantity of the original mixture. A volume of 0.15 
cc. of these mixtures was injected into the abdomi- 
nal cavities of young healthy rats. Six days later, 
the rats which received mixture B suffered from 


growth of the tumor not only in the peritoneal, but 
also in the extraperitoneal site; the tumor cells 
infiltrate continuously from the peritoneum into 
the subcutaneous connective tissue which exhibits 
a widespread edema (Fig. 4). 

In another experiment, rabbits were given in- 
travenous injections of 4.0—7.0 cc. of virus emul- 
sion once a week. This treatment was repeated 7-8 
times, and the serum was prepared for neutraliza- 
tion tests 10 days after the last injection. In this 
instance, the growth ability of the tumor cell was 
not inhibited, in spite of the prolonged duration 
of the neutralization procedure for several hours. 
During studies of epidemic encephalitis, we have 
obtained sufficient evidence for the fact that it 1s 
impossible or extremely difficult to neutralize a 
intracellular virus with antivirus serum. Similarly, 
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in the case of the HST virus, it is impossible to 
prevent infection of the peritoneal cavity of the 
rat with ascites tumor cells merely by employing 
antivirus serum. After repeated failures, we have 
found that tumor cells injured by means of a 
homogenizer running at 12,000 r.p.m. for 10 
minutes can still produce the ascites tumor in 
rats but it is now possible to inhibit tumor forma- 
tion by neutralization with antivirus serum 
(Table 4). The success of this type of experiment 
depends upon the often nonreproducible extent of 
injury to the tumor cells. 


SUMMARY 


It has been recognized that immunity to tumor 
transplantation may exist; it may be spon- 
taneous or produced by certain definite means. 
The existence of an antibody comparable to those 
in bacterial infections has been demonstrated only 
in connection with the filtrable tumors and with 


transplantable tumors which produce concomitant 
immunity. It has been hitherto believed that 
there are only three types of tumors which are 
definitely caused by a specific virus: namely, the 
Rous fowl sarcoma, the Shope infectious rabbit 
papilloma, and the kidney tumor in frogs. Opin- 
ions are divided at the present time concerning the 
viral nature of the milk factor of mice bearing 
mammary cancer (2). 

We have succeeded in isolating the virus in 
question from the tumor ascites. This isolation has 
been successful in our hands in every instance. The 
antisera produced by the application of our virus 
actually inhibited the growth of the ascites tumor 
whenever the virus in the tumor cell was neutral- 
ized by corresponding antisera. It should be 
stressed that these inhibited tumor cells com- 
pletely regained their malignant characteristics 
when the virus in question was re-introduced. If 
all these facts are taken into consideration, it ap- 


TABLE 3 


THE EFFECTS OF HST VIRUS ON TUMOR CELLS INACTIVATED WITH A 
TUMOR ANTISERUM FROM RABBITS 


SUBSTANCES INOCULATED INTRA- 


* Mixture A = 0.07 c.c. of ascites tumor and 0.14 cc. of serum. 
+ Received previous intraperitoneal injection of the virus. 
t Edema of abdominal wall also noted. 


§ This result indicates that the titer of immune body of Series 3 is lower than that of Series 1, and am 
therefore prolonged duration of treatment should be carried'as in cases 529-532. 
# Different virus emulsions were used for each of the three groups (733 and 734, 735 and 736, 739 and Be 
eos in - series. They were prepared by Dr. M. Shiraishi in the laboratory of the Hiroshima prefectural ne 
ospita 


PERITONEALLY 
PERIOD OF Mix- Mix- 
INCUBATION Mix- ture B: ture C: 
OF TUMOR ture A:* cells cells 
CELLS WITH tumor from mix- from mix- 
RABBITANTI- cells plus ture A ture A 
Rat SERUM anti- plus plus virus RESULTS 
NO. (MIN.) serum bouillon emulsion Ascites Tumor 
Series 1: 
328 5 0 0 none none 
329 5 0 0 none none 
330 25 0 0 none none 
331 25 0 0 none none 
332 25 0 0 ++ ++ 
333 25 0 0 + 
3137 25 0 0 +++Tt +++f 
3147 25 0 0 +++f 
Series 3: 
527 5 0 0 none none 
528 5 0 0 none +§ 
529 40 0 0 none none 
530 40 0 0 none none 
531 40 0 0 + ++ 
532 40 0 0 ++ +++ 
Series 4:# 
731 40 0 0 none none | 
. 732 40 0 0 none none hee 
733 40 0 0 
734 40 0 0 + 7 eee 
735 45 0 0 none none paca 
736 45 0 0 
739 50 0 0 + ++ RS 
740 50 0 0 ++ 
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pears permissible to conclude that the virus iso- 
lated from the ascites tumor is an indispensable 
agent of the tumor ascites. Reproduction of the 
ascites tumor by means of the administration of 
our virus to rats unfortunately has been unsuccess- 


TABLE 4 


THE PRODUCTION OF ASCITES TUMORS WITH 
DAMAGED DONOR CELLS AND THE INACTIVA- 
TION OF THIS EFFECT BY VIRUS ANTISERUM 
FROM RABBITS 


The ascites tumor was stirred at 12,000 r.p.m. in 
a homogenizer for 10 minutes. The material was cen- 
trifuged, and the damaged cells suspended in anti- 
serum from rabbits, normal serum from rabbits, or 
bouillon for 10 minutes. 


MATERIALS INJECTED INTRA- 


PERITONEALLY 
Damaged 
tumor 
Damaged cells in Damaged 
tumor 2 ce. tumor 
cells in normal cells in 
2 ce. rabbit 2 cc. GROWTH OF 
Rat antiserum serum bouillon ASCITES 
NO. (0.5 cc.) (0.5 cc.) (0.5 cc.) TUMOR 
805 0 0 none 
806 0 0 none 
807 0 0 none 
808 0 0 none 
809 0 0 ++ 
810 0 0 +++ 
811 0 0 ++ 


ful so far, although the HST virus after about 40 
successive transmissions acquired a progressively 
more viscerotropic character and caused, to a 
marked degree, a chronic inflammation of the 
granulation type in the omentum, the liver, the 
spleen, the lymph nodes, the lungs, etc. Mice 
inoculated with the virus often showed anaplastic 
growth of peritoneal serous cells and produced an 
ascites which occasionally produced an ascites tu- 
mor containing neoplastic cells derived from the 


peritoneum. On the whole, the mouse ascites tu- 
mor resembles very closely that of rats from which 
the virus has been isolated. Further details of 
these findings will be given in a future report. 


REFERENCES 


1. Haprretp, G., and Garrap, L. P. Recent Advance in 
_ Pathology, pp. 79-101. 5th ed. London: J. & A. Churchill, 
1948. 

2. Hamazaxi, Y. Uber die neu entdeckten spezifischen 
Kerneinschlusskérperchen bei an Choriomeningitis er- 
krankten Miusen. Jap. J. Med. Sc. V. Path., 3:231, 1944. 

3. Hamazaki, Y., and Hiromitsu, T. On the Neoplastic 
Growth of the Peritoneal Serous Cells in Rats Grafted 
with Yoshida Tumor. Gann, 42:235-36, 1951. 

4. Hamazaki, Y.; Sato, J.; and Sasaki, T. On Nuclear 
Inclusion Bodies of Rats Grafted with Yoshida Tumor. 
Gann, 42:370-71, 1951. 

5. Hamazaki, Y.; Sato, J.; and NaGano, S. Researches on 
the Mother Cell of Yoshida Tumor and on Its Carcino- 
genic Factors. Gann, 41:109-14, 1950. 

6. Hamazak1, Y.; Sato, J.; Takanasui, M.; Tant, H.; and 
Sano, K. On Meningoencephalitis Caused by Virus Isolated 
from the Ascites of Yoshida Tumor. Fol. Psychiat. Neurol. 
Jap., 4:39-45, 1951. 

7. Isnrpasui, K. Studies on the Number of Cells Necessary 
for the Transplantation of Yoshida Sarcoma. Gann, 41: 
1-14, 1950. 

8. Krnosuita, R. Considerations on Yoshida Sarcoma: 
Transplantation or Causation. Gann, 39: 126-27, 1948. 

9. Tacasnira, Y.; Miyake, T.; and Kawano, K. Cytological 
and Leukemio-pathological Problems Concerning the 
Yoshida Sarcoma. Gann, 42:1-15, 1951. 

10. Taxepa, K.; Imamura, T.; Aizawa, M.; WATANABE, S.; 
Hosokawa, H.; and Motoyama, T. Studies on the Nature 
of Immunization of Yoshida Sarcoma with Specific Refer- 
ence to the Species-specificity and Organ-specificity in 
Sera. Gann, 42: 130-32, 1951. 

11. Trerapa, M. On Filtrable Nature of the Agent in Yoshida 
Tumor. Tokyo-Iji-Shinshi, 67: 16-17, 1950. 

12. Yasupa, T.; Y.; Makino, Y.; and Mrya- 
moto, C. Centrifugation and Filtration Experiments on 
Yoshida Sarcoma Ascites. Gann, 40: 137-39, 1949. 

13. Yosuipa, T. The Yoshida Sarcoma, an Ascites Tumor. 
Gann, 40:1-21, 1949. 

14. ————. On the Genesis of Yoshida Sarcoma. [bid., 42:241- 
43, 1951. 


Fic. 1.—Ascites smear of a mouse inoculated intracranially 
with the virus. 

Fic. 2.—Diffuse and fungoid proliferation of serous cells on 
the omentum of a mouse 10 days after the intracranial inocula- 
tion with the HST virus. 

Fic. 3.—Neoplastic growth of serous cells on the splenic 
capsule of mouse inoculated intracranially with the virus. Sev- 
eral giant cells with single or double nuclei are visible. 

Fic. 4.—(a) Rat inoculated with neutralized ascites (mix- 
ture A). No tumor growth. (b) Rat inoculated with neutralized 
ascites replenished by the virus (mixture C). The tumor growth 
is extensive. (c) Rat, treated previously with the virus emul- 
sion, inoculated with mixture C. The growth of tumor is even 
more pronounced than in b. 
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Growth Characteristics of Free C1498 (Granulocytic Leu- 
kemia) Tumor Cells in the Peritoneal Fluid and the 
Blood of C57 Mice” 


Horace Go.pi£, CHARLES H. BuTLER, Marvin M. ANDERSON, 
M. C. MaxweELtL, AND F. HAHN 


(Cancer Research Laboratories, Meharry Medical College, Nashville, Tenn.) 


Subcutaneous implants of C1498 tumor grow as 
diffuse, soft tissue, with indefinite edges, closely 
adherent to the skin, spreading into muscle and 
invading peripheral blood and hematopoietic or- 
gans. The histologic type of tumor and the cytologic 
characteristics of tumor cells in the blood were 
identified as granulocytic leukemia.! The tumor 
was used for immunogenetic (6) and immunologi- 
cal (7) studies. It seemed to us that various growth 
types of these cells—tumor tissue formation, blood 
invasion, infiltration of organs, growth in the 
pleural exudate (2)—indicate their exceptionally 
high ability to grow and to migrate as free cells in 
body fluids. We have studied, therefore, the 
growth potentialities of C1498 tumor cells, using 
our method of free tumor cell culture in peritoneal 
fluid (1). Moreover, in an attempt to assay the 
effect of a therapeutic agent on this tumor strain, 
we have treated animals bearing neoplastic cells 
with colloidal Au!®* and have recorded parallel 
changes in survival of the host and in tumor cell 
counts in the blood and peritoneal fluid, as out- 
lined in our work on lymphatic leukemia in 
mice (3). 


MATERIALS AND METHODS 


Tumor and animals.—C1498 tumor (351st transfer genera- 
tion) was obtained from the R. B. Jackson Memorial Labora- 
tory, where it had spontaneously originated in 1941. C57BL/6 
mice, were supplied by the same laboratory. 

Technics.—We have previously (1-3) described our methods 
of suspending tumor tissue or spleen cells for inoculation, of 
counting and computing the number of cells in the inoculum, of 
withdrawing peritoneal fluid for repeated cell counts, of testing 
the cell viability in the inoculum, and of counting the total 
number of cells and the proportion of tumor cells in specimens 
of peritoneal fluid withdrawn from inoculated mice. 


* This work was carried out under Contract At-(40-1)-269 
with the Division of Biology and Medicine of the United States 
Atomic Energy Commission. 


‘We appreciate the courtesy of R. B. Jackson Memorial 
Laboratory in supplying us with data on the tumor. 


Received for publication August 2, 1952. 


Serial transfers in peritoneal fluid.—Eight to 10 days after 
six mice were given an intraperitoneal inoculation of a suspen- 
sion of ground tumor tissue, specimens of pooled peritoneal 
fluid from these mice (0.5 ml. of 1:5 dilution) were injected into 
five new mice. In this way more than twenty serial intra- 
peritoneal transfers were carried out and used as material for 
inoculation of tumor cells. Smaller inocula of these cells were 
prepared by serial dilution of peritoneal fluid. 

Pattern of the experiment.—Groups of ten or twenty mice 
were inoculated intraperitoneally (i.p.) or subcutaneously 
(s.c.) with requisite numbers (computed by diluting spleen cell 
suspension or peritoneal fluid) of tumor cells. In i.p. inoculated 
mice, the data were recorded on (a) the total number of cells 
and on the percentage of tumor cells counted in specimens of 
peritoneal fluid and blood which were withdrawn at various 
intervals, (b) the infiltration of organs with tumor cells as found 
at autopsy, and (c) the mortality of mice after inoculation. 
The results of s.c. implantation were recorded on the same 
lines, except for examination of the peritoneal fluid. Each ex- 
periment was repeated at least 3 times, and the results were 
pooled and plotted in graphs. The pattern of each group of ex- 
periments varied as to route of inoculation (s.c. or i.p.), source 
of the inoculum (spleen or peritoneal fluid), and its size 
(15 X 10° to 10? cells). 

Therapeutic assay of radioactive colloidal gold—Twenty or 
40 mice were inoculated i.p. with high doses (10° or 107) of 
tumor cells; 4 days later, one-half of mice in each group re- 
ceived 0.2-0.4 me. of colloidal Au!’,? while the same number of 
simultaneously inoculated mice remained untreated (controls). 
Specimens of peritoneal fluid and of blood from both groups 
were withdrawn at various intervals and counted; the pooled 
results and the data on mortality in both groups were plotted 


in graphs. 
RESULTS 

Growth of free C1498 tumor cells in the peritoneal 
fluid.—It is possible to withdraw from the peri- 
toneal cavity of normal C57 mice about 0.1 ml. 
of fluid containing as an average (of ten mice) 
7,500 cells/e mm (with the extremes of 4,300 to 
115,200), mostly small lymphocytes (35-67 per 
cent throughout), large monocytes including 
macrophages (29-61 per cent), and a few poly- 
morphonuclears (up to 5 per cent) and mast cells 
(0.8 to 3 per cent). After i.p. inoculation of 15 X 


2 Radioactive colloidal gold was supplied by Abbott Re- 
search Laboratories, Dr. D. L. Tabern, North Chicago, Ill. 
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10° or 10° cells from the spleen or from the peri- 
toneal fluid, there was a rapid increase in the 
volume and the cellular content of peritoneal 
fluid (Chart 1, solid graphs) and, moreover, in 
the proportion of tumor cells in the cellular com- 
position of the fluid (Chart 2, solid graphs). 
Numerous mitoses reaching their maximum (14— 
22 per cent of all tumor cells) on the sixth or the 
seventh day presented evidence of intense tumor 
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Cuart 1.—Total cell numbers per c. mm in the peritoneal 
fluid and in the blood at various intervals after intraperitoneal 
inoculation of large numbers of C1498 tumor cells. 

Solid graphs = cells in the fluid, dotted graphs = in the 
blood. Each graph represents an average of 30 mice. Number 
of inoculated cells and their source (S = spleen, F = peritoneal 
fluid) are indicated for each graph. 


cell proliferation in the peritoneal fluid. As a rule, 
the accumulation of cells in the fluid proceeded at 
a higher rate and reached a higher level in mice 
inoculated with higher numbers of tumor cells. 
However, this correlation was only approximate 
and subject to variations, since total cell counts 
reflected not only tumor cell content in the fluid, 
but also leukocytic reaction and diluting effect of 
accumulated serous exudate. On the contrary, the 
percentage of tumor cells in the fluid was con- 
sistently proportionate to the number of inocu- 
lated tumor cells (Charts 2 and 3). Accordingly, 
the concentration of tumor cells in the fluid was 
considered as a reliable indicator of their growth 
level. 

Besides the size of the inoculum, its source, 
either from the spleen (S cells) or from the serial 
i.p. transfers in the fluid (F cells), was another 
factor determining the growth rate of inoculated 


cells, as it appears from the comparison of solid 
graphs S and F in Charts 1 and 2. The rate of 
growth for F cells was higher than for S cells, but 
the same maximum of 90-98 per cent of tumor 
cells was reached on the 8th day (Chart 2), inde- 
pendently from the source of growth. 

In two groups each of twenty mice inoculated 
with 15 X 10° F cells (Chart 2), differential cel] 
counts were carried out, beginning 30 minutes 
after inoculation (not after 2 days as in all other 
experiments), at intervals of 2—4 hours (night in- 
terval of 8 hours) until the 3d day. It was found 
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Cuart 2.—Percentage of tumor cells in the peritoneal fluid 
and in the blood at various intervals after intraperitoneal inoc- 


ulation of large numbers of C1498 tumor cells. See legend for 
Chart 1. 


DAYS AFTER INOCULATION 


Cuart 3.—Percentage of tumor cells in the peritoneal fluid 
and in the blood at various intervals after intraperitoneal 
inoculation of graded small numbers of C1498 tumor cells. 

See legend for Chart 1; the source of all inocula was perito- 
neal fluid. 


that in all mice, without exception, the inoculated 
tumor cells almost disappeared from the peritoneal 
fluid (which was scanty in amount) at the end of the 
first 24 hours, but reappeared the next day at a 
high rate parallel to rapid accumulation of serous 
exudate. At the autopsy of ten animals sacrificed 
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after 20-24 hours, 1.e., at the lowest concentration 
of tumor cells in the fluid, many of these cells were 
found in the tissue of abdominal lymph nodes. 
Thus, the inoculated cells passed, before their 
multiplication, through a lag period or a stage of 
latency (adjustment to the new environment). 

It was consistently recorded that the majority 
of the leukocytes found in the peritoneal fluid dur- 
ing proliferation of tumor cells from the inocula of 
10° cells or more were polymorphonuclears (about 
90 per cent), while darge monocytes were rare (less 
than 10 per cent), and the lymphocytes scanty or 
absent. With the decrease in the size of the inocu- 
lum, the proportion of large monocytes and lym- 
phocytes rose, so that during tumor cell growth 
resulting from an inoculum of 10? cells, the lym- 
phocytes were often the predominant type of the 
leukocyte. 

Blood invasion by tumor cells from peritoneal 
fluid.—As in the peritoneal fluid, the concentra- 
tion of tumor cells in the blood was proportionate 
to the number of 1.p. inoculated cells (Charts 2 and 
3). Accordingly, the maximum level of cell con- 
centration in the blood,-which was relatively low 
even for mice with large inocula (not more than 
50 per cent for those inoculated with 15 X 10° 
cells—Chart 2, dotted graphs), was still lower 
(less than 20 per cent) for smaller inocula (Chart 
3, dotted graphs). There was a constant relation- 
ship between the maximum level of tumor cell 
growth in the fluid and in the blood. However, 
seven out of eight dotted graphs of Charts 2 and 3 
show the tendency of tumor cells to disappear 
from the blood stream, partly or entirely (in mice 
with small inocula), temporarily or definitively. 

In mice inoculated s.c. with graded numbers of 
tumor cells, the proportion of tumor cells in the 
blood was always higher than in analogous groups 
of i.p. inoculated animals, but their level showed 
the same trend to variations. 

The changes in leukocyte formula of the blood 
of inoculated mice followed the pattern observed 
in peritoneal fluid. 

Relationship between the growth rate and growth 
site of tumor cells and the mortality rate of their 
host.—Proliferation of tumor cells in the peritoneal 
fluid was terminated by death in all 200 mice 
inoculated i.p. with not less than 10? cells, in 38 
out of 40 mice inoculated with approximately 10? 
cells, in 32 out of 40 with approximately ten cells, 
and in five out of twenty inoculated with the last 
dose 10 times diluted (i.e., presumably one cell). 
The comparison of Charts 2 and 3 with Chart 4 
illustrates the close parallelism between tumor 
cell growth rate and mortality rate for each group 
(inoculated with the same number of cells). The 


lethal effect of tumor cell proliferation on the host 
was due to progressive invasion of the blood and 
the hematopoietic organs by high numbers of 
tumor cells. Autopsy findings showed that i.p. 
inoculated tumor cells had already begun to in- 
vade organs at the early stage of their prolifera- 
tion in the peritoneal cavity, when the level of 
tumor cells in the blood was low. In s.c. inoculated 
animals, this invasion occurred at a much later 
stage, presumably only by blood route. These data 
may account for the relatively late death of these 
animals. 
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Cuart 4.—Rate of mortality of mice inoculated intraperi- 
toneally with various numbers of C1498 tumor cells. 

Each graph represents average of 30 mice. Number of inocu- 
lated cells (all from peritoneal fluid) is marked for each graph. 


There was no parallelism between the percent- 
age of tumor cells in the blood of i.p. inoculated 
mice and the mortality of their hosts, as it appears 
from a comparison of dotted graphs in Charts 2 
and 3 with those of Chart 4. The same was true for 
s.c. inoculated mice. Chart 5 shows that mortality 
in the latter mice was more delayed as compared 
with i.p. inoculated groups. Findings at autopsy 
disclosed that death occurred after the s.c. im- 
plants grew into sizable tumors. 

Effect of colloidal Au'!** on tumor cells and on 
survival of their host.—Doses of 0.4 mc. of Au'®® 
were not tolerated by C57 mice as well as by AK4 
(3). For this reason, only the results with well 
tolerated doses of 0.2 and 0.3 me. are pooled in 
Chart 6. It appears that growth of tumor cells and 
their invasion of the blood were markedly inhib- 
ited by the treatment, but the death of their hosts 
was delayed only for a few days. 


DISCUSSION 


The term “tumor cells” implies tumor tissue 
cells as a rule. Tumor cells growing free in the 
peritoneal fluid were described recently as special 
types of tumors (ascites tumors [5], Yoshida 
tumor [9]), while invasion of the blood stream 
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with tumor cells is considered as still another type 
of neoplasm—the leukemias. The data of our pre- 
vious work (1, 2) suggested that free growth in the 
fluids of serous cavities—peritoneal and pleural— 
is a specific potentiality of any malignant cell and 
not of special tumor types. Moreover, it has been 
shown that proliferation of tumor cells in the peri- 
toneal fluid can be associated with their passage in 
the blood stream (3). The data recorded above 
illustrate the effect of experimental growth factors 
—size and source of the inoculum and route of 
inoculation—on various growth manifestations of 
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RATE OF MORTALITY 


Cuart 5.—Rate of mortality of mice inoculated subcutane- 


ously with various numbers of tumor cells. 
See legend for Chart 4. 


granulocytic tumor cells—free growth in perito- 
neal fluid, leukemia, tissue infiltration—and, more- 
over, on the relationship between tumor cell 
growth and host mortality. The rate of tumor cell 
proliferation in the peritoneal fluid was the essen- 
tial factor of blood invasion and infiltration of 
hematopoietic organs. It was closely paralleled by 
the rate of host mortality. 

It was possible to obtain abundant growth in 
the peritoneal fluid from the inocula of 1 ml. pre- 
pared by 1:30 X 10° and 1:30 X 10° dilution of 
peritoneal fluid containing 30 X 10° tumor cells, 
i.e., by implantation of approximately ten and one 
cells. Previously, Kahn and Furth (4) succeeded 
in producing lymphatic leukemia in AK4 mice 
with a single cell, and Yoshida (9) reported free 
tumor growth from a single cell of Yoshida’s 
tumor. This growth from very small inocula, as 
well as the ability to reach consistently the con- 
centration of almost 100 per cent in the peritoneal 
fluid, gives evidence of exceptionally high growth 
potency of granulocytic tumor cells. Their use is 
therefore indicated for all studies requiring a nearly 
‘pure culture” of free tumor cells, such as bio- 
chemical analysis (5) or virus cultures. 

The higher growth potency of free tumor cells, 


as compared to those grown in the spleen, implies 
that the tissue tumor cell needs to adjust its nutri- 
tional requirements, surface activity, and other 
factors, in order to start rapid free growth in the 
fluid. Tumor cells in the blood showed a very low 
proportion of mitoses (1 to 3 per cent), apparently 
because during their transit from the peritoneal 
fluid or from a s.c. tumor to the organs they had 
not had sufficient time to adjust themselves to the 
blood plasma as a medium. 

In the peritoneal fluid the ‘percentage of leu- 
kocytes was inversely proportional to the number 
of inoculated tumor cells and, therefore, to their 
rate of multiplication. Since numerous leukocytes 
are found in the fluid of untreated mice or those 
injected with any proteinic material, their disap- 
pearance in proportion to tumor cell growth may 
be attributed to changes induced in the fluid by 
growing cells. 

In our study of AK4 leukemic cells (3), we have 
shown that they have to reach a sufficiently high 
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Cuart 6.—Effect of i.v. injected colloidal Au! on the per- 
centage of tumor cells in the peritoneal fluid and in the blood 
and on the mortality rate of their hosts. 

Solid graphs = Percentage of tumor cells in the peritoneal 
fluid of treated mice (Pt) and of controls (PC). 

Dotted graphs = percentage of tumor cells in the blood of 
treated mice (Bt) and of controls (BC). 

Crossed solid graphs = mortality, in treated mice (MF) and 
in controls (MC). 


level of growth in the peritoneal fluid (as a rule, 
on the 5th day) in order to invade the blood in high 
numbers. An analogous phenomenon occurs in 
granulocytic leukemia but only with very high 1.p. 
inocula (over 108, Charts 1 and 2). Smaller inocula 
induce blood invasion with tumor cells only inter- 
mittently or irregularly. We have presumed (2) 
that the passage of AK4 tumor cells from the site of 
their initial multiplication—the peritoneal cavity 
—to their definitive destination in the organs 1S 
regulated by natural barriers between peritoneal 
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fluid and the blood and between the blood and the 
organs. In following the same line of interpreta- 
tion, it can be inferred that early appearance of 
tumor cells in the blood and the organs was due to 
early relaxation of both barriers, and that the 
intermittent or irregular course of leukemia ini- 
tiated by smaller inocula was a reflection of the 
varying capacity of organs to accept cells from the 
blood. 

Our therapeutic experiment showed that the 
number of tumor cells in the fluid and in the blood 
was reduced and the mortality of their hosts de- 
layed by 1.v. injection of colloidal Au!®*. It is obvi- 
ous that this agent was able to destroy a certain 
number of tumor cells but was unable to prevent 
their penetration into vital organs. This result 
may emphasize the conclusion of our previous 
work (3) that the treatment of leukemias should 
aim not only at the destruction of leukemic cells 
but also at the maintenance of barriers between 
the site of tumor cell proliferation and the organs. 
Similar conclusions were reached recently by 
Whitby (8) in his clinical studies on leukemia. 


SUMMARY AND CONCLUSIONS 


1. Graded numbers (15 X 10° to 102) of C1498 
tumor cells were inoculated i.p. or s.c. into 
C57BL/6 mice. From these animals peritoneal 
fluid and blood were withdrawn at various time 
intervals for total and differential cell counts. The 
results were plotted in graphs and compared to 
graphs of mortality in the same groups of mice and 
with their autopsy findings. 

2. The i.p. inoculated tumor cells provoked an 
accumulation of serous exudate and grew abun- 
dantly (numerous mitoses) in that medium, rapid- 
ly invading blood and hematopoietic organs. Their 
maximum concentration in the peritoneal fluid 
was reached earlier and at a higher level (almost 
100 per cent) by high inocula; later and at a lower 
level (80-90 per cent) by smaller inocula (less than 
10° tumor cells). Tumor cells adjusted to free 
growth by serial i.p. transfers grew faster than 
those grown in the spleen. The leukocytic pattern 
of peritoneal fluid during tumor cell proliferation 
was characterized by very early disappearance of 
lymphocytes, scarcity of monocytes, and preva- 
lence of polymorphonuclears. This pattern was re- 
versed by the use of smaller inocula. 

3. Blood invasion by tumor cells paralleled, for 
large inocula, their growth in the fluid, but at 


much lower levels (not more than 50 per cent), and 
for smaller inocula it was intermittent and irregu- 
lar. The changes in the leukocytic pattern of the 
blood followed those of the peritone? | fluid. Similar 
trends in the blood picture were found in s.c. 
inoculated animals. 

4. The mortality rate of i.p. inoculated mice 
paralleled closely the growth rate of tumor cells 
and their invasion of hematopoietic organs. For 
s.c. implants these processes could not be corre- 
lated with the size of the tumor. 

5. Treatment with colloidal Au'®* reduced the 
number of tumor cells in the blood and the peri- 
toneal fluid, but delayed only slightly the death of 
their hosts. 

6. It is concluded that the ability of tumor cells 
to grow out of minimal inocula (single cell or few 
cells) in almost pure culture in the peritoneal fluid 
and to invade blood and hematopoietic organs 
should be attributed to their exceptionally high 
growth potency. 

7. It is presumed therefore that leukemic cells 
are malignant cells of high growth potency and 
that variations in leukemic syndromes depend on 
the degree of preservation of natural barriers be- 
tween body fluids and organs. 
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The Tumor-inhibitory Activity of Diaryl- and 


‘Iriarylmethane Dyes 
I. The Ehrlich Ascites Mouse Tumor” 


MarGaret Reep LEwis AND Puitie P. GoLaAnp 


WITH THE TECHNICAL ASSISTANCE OF JoY MAKLER 


(The Wistar Institute of Anatomy and Biology, Philadelphia 4, Pa., and The Department of Pathology, 
College of Medicine, Howard Unwwersity, Washington, D.C.) 


The tumor-inhibitory activity of diaryl- and 
triarylmethane dyes! was tested by oral adminis- 
tration to three types of tumor-bearing animals: 
mice of inbred strains bearing 100 per cent trans- 
plantable carcinomas and sarcomas; rats of inbred 
strains bearing 100 per cent transplantable sar- 
comas, and commercial as well as inbred strains of 
mice bearing 100 per cent transplantable ascites 
tumor. The present report is concerned with the 
effect of the dyes on the ascites tumor in mice. 
The study concerning the effect of the dyes on 
localized tumors will appear separately. 


MATERIALS AND METHODS 


The Ehrlich mouse ascites tumor arose in 1907 
as a suspension of neoplastic mesothelial cells from 
the lining of the peritoneal cavity of a mouse. At 
present, it grows when transplanted intraperito- 


* Aided in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, Public 
Health Service, Bethesda, Md. 


1 We are indebted to the following dye manufacturers for 
their interest, advice, and generous contribution of dyes. Their 
helpful collaboration made the study possible: American 
Aniline Products, Inc.; American Dyewood Co.; Arnold, Hoff- 
man & Co., Inc.; Caleo Chemical Division; American Cyana- 
mid Co.; Ciba Co., Inc.; Cincinnati Chemical Works, Inc.; 
Commonwealth Color & Chemical Co.; Dye Specialties Cor- 
poration, Inc.; E. I. du Pont de Nemours & Co., Inc.; Geigy 
Co., Inc.; General Dyestuff Corporation; Hartman-Leddon 
Co., Inc.; Imperial Chemical Industries, Ltd.; National Aniline 
Division, Allied Chemical & Dye Corporation; New York 
Color and Chemical Co., Inc.; Nyanza Color & Chemical Co., 
Ine.; and Sandoz Chemical Works, Inc. 

A large collection of dyes was contributed by Professor 
Hiram S. Lukens and Dr. E. C. Wagner, Department of 
Chemistry, University of Pennsylvania, for these studies. 
Among them were a number of triarylmethane dyes produced 
by Badische, Cassella, Kalle, Griibler, and other German dye 
companies. 


Received for publication August 18, 1952. 


neally in mice of noninbred as well as inbred 
strains. It differs from the majority of mouse neo- 
plasms in that it is not strain-specific, and can 
grow as a suspension of neoplastic cells in the 
peritoneal fluid of both rats and mice. 

Swiss mice weighing 20 or more gm., obtained 
from a local dealer, were used in the majority of 
the experiments; mice of the C3H, Webster, 
BA, and Strong A inbred strains were used in 
others. Mice weighing less than 20 gm. proved 
unsatisfactory. 

Since the Ehrlich ascites mouse tumor grows as 
a suspension of cells, a known number can be 
selected for intraperitoneal inoculation. In this 
way, it is possible to control the length of life of the 
host. The number selected in the majority of the 
experiments brought about the death of the un- 
treated mice within 9 or 10 days. 

The mice were housed individually and supplied 
with 5 gm. of food containing dye and unlimited 
fresh water each day. Administration of the test 
diets was begun within 1-2 hours after the animals 
were injected with the tumor cells. Seventy-five 
separate sets of experiments were conducted. In 
each, four of the injected mice were left untreated 
to serve as controls; the remainder were divided 
into groups of two to five mice, and each group 
was fed with one of the test diets. 

A weighed amount of dye equivalent to 0.2 per 
cent was ground for 6-8 hours with 150 gm. of 
pulverized food to insure even mixing. All dyes 
were first tested at this concentration. Dyes that 
failed to inhibit tumor growth at 0.2 per cent con- 
centration were tested again at increased concen- 
trations. Dyes that proved to be toxic at 0.2 per 
cent concentration were tested again at lower con- 
centrations. The results obtained with all con- 
centrations tested are combined in the table. 
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TABLE 1 


TUMOR INHIBITORY ACTIVITY OF DIARYL- AND TRIARYLMETHANE DYES 


Diphenylmethane Derivatives 
Ketonimine Colouring Matters 


Triphenylmethane 
derivatives 
FoRMULA 1 
ReEsvuLTs 
Lon- Re- Sur- 
SAMPLES PRrE- No. gevity sistance vivors 
C.I. OF MATURE MICE no. no. no. 
NO. DYE DEATHS TREATED mice mice mice 
Basic: 
655 Hydrochloride of 4,4’-bisdimethylamino-dipheny]-ketoni- 6(1) 5 42 17 5 9 
mine (Auramine) 
Triphenylmethane and diphenylnaphthylmethane colouring matters 
hydroxy-derivatives of triphenylmethane 
Acid: 
720 Sodium salt, 3,3’-dicarboxy-2”,6’’-dichloro-5,5’-dimethy]- 7 0 46 19 6 0 
4'-hydroxy-4-keto-* (Eriochrome Azurole B) 
722 Sodium salt, 3,3’-dicarboxy-5,5’-dimethyl-4’-hydroxy-4- 5(1) 2 26 11 2 0 
keto-2’’-sulfo-* (Eriochrome Cyanine R) 
723 Sodium salt, 3,3’-dicarboxy-2” ,6’’-dichloro-5,5’-dimethy]- 1 0 9 4 0 0 
4'-hydroxy-4-keto, 3’’-sulfo-* (Chrome Azurole S) 
194 4',4’’-dihydroxy-4-keto-* (Corrallin Yellow) 1 0 5 3 0 0 
726 Derivative of 724 (?) (Corrallin Red) 1 0 6 4 0 0 
Diamino-derivatives of triphenylmethane 
Basic: 
657 Chloride, 4,4’-bis(dimethylamino)-* (Malachite Green) 8(5) 21 111 47 47 12 
658 a 2’’-chloro-4,4’-bis(dimethylamino)-* (Setoglau- 9(3) 6 147 56 47 24 
cine 
662 Sulfate, 4,4’-bis(diethylamino)-* (Brilliant Green) 6(3) 22 66 36 13 13 
663 Chloride, 4,4’-bis(ethylamino)-2’’-chloro-3,3’-dimethy]-* 5 29 45 15 10 1 
(Setocyanine) 
664 Chloride, 4,4’-bis(methylamino)-2”,5’’-dichloro-3,3’-di- 1 4 16 6 2 1 
sia methyl-* (Brilliant Glacier Blue) 
cid: 
661 Chloride, 4,4’-bis(dimethylamino)-(?)’’-methy]l-(?)’’-nitro-* 1 1 23 11 4 3 
(Turquoise Lake Blue A) 
666 Sodium salt, 4,4’-bis(N-ethyl-N-p-sulfobenzyl-amino)-* 5 0 48 23 4 0 
(Guinea Green B 
667 Sodium salt, 4,4’-bis(N-ethyl-N-p-sulfobenzyl-amino)-2”- 14(3) 4 82 39 1 1 
chloro-* (Brilliant Milling Green B 
670 Sodium salt, 4,4’-bis(N-ethyl-N-p-sulfobenzylamino)-4’’- 5 1 22 8 0 0 
sulfo-* (Light Green SF) 
671 Ammonium salt, 4,4’-bis(N-ethyl-N-p-sulfobenzylamino)- 5(1) 0 30 16 0 0 
2’’-sulfo-* (Erioglaucine) 
672 Sodium salt, 4,4’-bis(diethylamino)-2”,4’’-disulfo-* (Xy- 3 0 13 1 0 0 
lene Blue VS) 
673 Sodium salt, 4,4’-bis(N-benzyl-N-ethyl-amino)-2”,4’’-di- 2 0 18 2 1 0 
sulfo-* (Xylene Biue AS) 
674 —_ yy 4,4’-bis(dimethylamino)-3”’-carboxy-* (Chrome 3 0 13 3 0 0 
reen 
712 Calcium salt, 4,4’-bis(diethylamino)-2”,4’’-disulfo-5’’-hy- + 0 21 + 1 0 


droxy (or nitro?)-* (Patent Blue V) 


RELATIVE 
ACTIVITY 
OF DYE 
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TABLE 1—Continued 
RESULTS 
Lon- Re- Sur- 
SAMPLES PreE- No. gevity sistance vivors Retative 
Ci. OF MATURE MICE no. no. no. ACTIVITY 
NO. DYE DEATHS TREATED mice mice mice OF DYE 
Acid: 
714 Calcium salt, 4,4’-bis(N-benzyl-N-ethyl amino?)-2’’,4’’- 4 Q 24 2 2 0 0.16 
disulfo-5’’-hydroxy-* (Patent Blue A) 
715 Sodium salt, 4,4’-bis(ethylamino)-3,3’-dimethyl-2” ,4’’- 1 0 9 4 2 0 0.66 
disulfo-5’’-hydroxy-dimethy]-* (Kiton Blue FF 
717 Sodium salt, 4,4’-bis(dimethylamino)-2”’-ethoxy-4’’-p-to- 2 0 16 6 1 1 0.50 
luino-3,3’,5”’-trisulfo-* (Acid Violet 6B) 
Triamino-derivatives of triphenylmethane 
Basic: 
676 Chloride, 4,4’,4’’-triamino-* (Para Magenta) 4 0 32 14 1 2 0.53 
677 Chloride, 3’-methy]-4,4’,4’’-triamino-* (Fuchsine) 9 6 55 25 1 1 0.49 
678 = 4,4’,4’’-triamino-3,3’,3’’-trimethyl-* (Fuchsine 2 1 18 12 1 0 0.72 
679 Chloride, 3’’-methyl-4,4’,4’’-tris(ethylamino)-* (Hoff- 4 1 30 13 7 2 0.73 
mann’s Violet) 
680 Chloride, 4,4’-bis(dimethylamino)-4’’-methylamino-* 9(1) 1 52 27 7 7 0.79 
(Methy] Violet B) 
681 Chloride, 4,4’,4’’-tris(dimethylamino)-* (Crystal Violet) 7(4) 12 68 36 16 11 0.93 
682 Chloride, 4,4’,4’’-tris(diethylamino)-* (Ethy] Violet) 9(3) 10 92 20 34 19 0.78 
683 Chloride, 4’’-(N-benzyl-N-methyl-amino)-4,4’-bis(dimeth- 2 13 41 9 19 10 0.92 
ylamino)-* (Benzy] Violet) 
684 Chloride, 0 13 3 60 0 0.23 
chloride-* (Methyl Green) | 
685 Chloride, 4,4’-bis(dimethylamino)-4’-ethyldimethylam- 2 0 10 0 0 0 0 
monium bromide-* (Iodine Green) 
688 Chloride, 4,4’-4”,trisanilino-* (Spirit Blue) 1 0 9 7 0 1 0.89 
689 "Bley" 4’-amino-4,4’’-bisanilino-3’-methyl-* (Aniline 3 0 28 9 6 0 0.53 
lue 
690 Chloride, 4,4’-bis(dimethylamino)-4’’-(N-methyl-N-(1- 2 0 15 7 0 0 0.47 | 
naphthy]]-amino)-* (Victoria Blue 4R) 
Acid: 
691 Sodium salt, 4,4’-bis(dimethylamino)-3”’-bis(p-sulfobenzy])- 1 0 12 6 0 0 0.50 
amino-* (Fast Green Extra Bluish) : 
692 Sodium salt, 5’-methy]-4,4’,4’’-triamino-3,3’,3’’-trisulfo-* 4 1 25 4 0 0 0.16 
(Acid Magenta) 
695 Sodium salt, 4,4’-bis(dimethylamino)-3,3’-disulfo-4’’-(N- 1 0 12 6 0 0 0.50 ! 
-p-sulfobenzyl-amino)-* (Kiton Fast Violet 
10 
696 Sodium salt, 4,4’-bis(dimethylamino)-4’’-(N-ethyl-N-p- 3 0 16 4 1 0 0.31 
sulfobenzyl-amino)-2”-sulfo-* (Fast Acid Violet 10B) 
697 Sodium salt, 4’,4’’-bis(N-ethyl-N-p-sulfobenzylamino)-4- 1 Qg 4 2 0 0 0.50 
dimethylamino-* 
698 Sodium salt, 4’,4’’-bis(N-ethyl-N-p-sulfobenzylamino)-4- 10 2 60 18 6 1 0.41 
diethylamino-* 
699 Sodium salt, 4’’-(N-benzyl-N-p-sulfobenzyl-amino)-4,4’- Q 0 12 4 1 0 0.41 
bis(dimethylamino)-2’-sulfo-* (Eriocyanine A) 
703 Sodium salt, sulfonated (position ?)4,4’,4’’-trisanilino-* 1 0 10 9 1 0 1.00 
(Alkali Blue 6B) 
704 Sodium salt, sulfonated 4’-amino-4,4’’-bisanilino-3’-meth- 2 0 10 2 0 0 0.20 
yl-* (Alkali Blue) 
705 Slee) salt, 4’,4’’-bis(p-sulfanilino)-4-anilino-* (Methyl 1 0 8 2 0 0 0.25 
ue 
706 go salt, 4,4’,4’’-tris(p-sulfanilino)-* (Methyl Cotton 2 1 11 4 0 1 0.45 
Blue 
707 Sodium salt, sulfonated (?)-amino-4,4’’-bisanilino-(?) meth- 7(1) 2 46 18 5 1 0.52 
yl-* (Soluble Blue) 
708 Sodium salt, 4,4’,4’’-tris(N-methyl-N-p-sulfophenyl-amino)-* 1 3 9 0 1 0 0.11 
(Soluble Blue WGS) 
710 Sodium salt, 4’-amino-4,4’’-bis(?-sulfonaphthylamino)-3’- 3 0 16 7 0 0 0.44 


methyl-* (Brilliant Sky Blue 5G) 
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Lewis AND GoLAND—Antitumor Activity of Triphenylmethane Dyes 


TABLE 1—Continued 


Diphenyinaphthyimethane 


derivatives 
FORMULA 2 
RESULTS 
Lon- Re- Sur- 
SAMPLES Pre- No. gevity sistance vivors RELATIVE 
C.1 OF MATURE MICE no. no. no. ACTIVITY 
NO DYE DEATHS TREATED mice mice mice OF DYE 
Triamino-derivatives of diphenylnaphthyl methane 
Basic: 
728 Chloride, 4,4’-bis(dimethylamino)-4’’-ethylamino-f (Vic- 3(1) 7 26 10 4 5 0.73 
toria Blue R) 
729 eB) ’-anilino-4,4’-bis(dimethylamino)-f (Victoria 11(1) 18 76 24 16 6 0.60 
Blue B 
731 Phosphate or chloride of 4,4’-bisdiethylamino-dipheny]l-4’’- 7(3) 35 83 18 36 21 0.90 
(p-tolyl)amino-naphthylf (Night Blue) 
Acid: 
735 Sodium salt, 4,4’-bis(dimethylamino)-3”,6’’-disulfo-(?)-T 5(1) 0 29 7 3 1 0.38 
(Naphthalin Green V) 
737 Sodium salt, 4,4’-bis(dimethylamino)-6”,8’’-disulfo-2”’- 9 5 34 11 Q 0 0.38 


hydroxy-t (Wool Green S) 


_ Substituents on the various rings are indicated. (In the 4 position, in the case of basic compounds, an amino derivative is indicated and no distinction 
is made between the amino and imino structure.) Presence of an inner salt form (anhydride form) as on inner immonium sulfonate is also not indicated since 
this is to be understood. In many cases, the structural positions and kind of salt formulations are somewhat indefinite. 


* is used in place of “‘triphenylearbinol anhydride.”’ 
t is used in place of “‘diphenylnaphthyl carbinol anhydride.” 


() indicates the number of individual dye samples that brought about one or another type of tumor inhibition in 100 per cent of the treated mice. 
We are indebted to Dr. P. F. Dreisbach for valuable help in preparation of the Table. 


The Color Index? gives the commercial name, scientific 
name, the structural formula and general method of synthesis 
of diaryl- and triarylmethane dyes under 84 numbers. Two of 
them (C.I. Nos. 655 and 656) are diarylmethane (ketonimine) 
and 82 (C.I. Nos. 657 through 738) are triarylmethane dyes. 
Each dye company has a preferred method of synthesis of the 
various dyes prepared under its trade name. Various substances 
are sometimes combined with the dyes for improvement of 
their color or staining property. For this reason, individual 
dyes listed under the Color Index number representing the 
major product of the dye sometimes differ in biological activity. 

Many of the dyes given in the Color Index are no longer 
available. A total of 235 individual dyes listed under 55 of the 
Color Index numbers were tested (see table). The dyes are 
formed as carbinol anhydrides; they exist commercially as 
salts. Twenty-two of the Color Index numbers in which the 
dye forms the color cation are basic dyes, and 33 in which the 
dye forms the anion are acid. 

Through the kindness of dye manufacturers and chemists, 


* The Society of Dyers and Colourists, Ocean Chambers, 
32-34 Piccadilly, Bradford, Yorkshire, England. 


pure samples of a number of dyes were obtained. The results 
obtained in tests of individual dyes are combined under their 
Color Index No. in the table. 

The results are given under three headings (longevity, re- 
sistance, and survivors), each of which seems to indicate that 
a certain amount of inhibition of tumor has taken place in the 
treated mice. 


Longevity: the number of treated mice dying with tumor 
20-60 days after the untreated controls had died from tumor. 

Resistance: the number of treated mice dying without tumor 
2-10 days after the untreated controls had died from tumor. 

Survivors: the number of treated mice that survived for 
20-60 or more days and still remained free from tumor. 


The number of mice that died prematurely (1-9 days) be- 
fore the untreated controls died from tumor is given as an 
indication of toxicity. This group is not included among the 
treated mice or in other data. 

The total number of mice showing one or another type of 
inhibitory activity divided by the number of mice treated is 
given as a measure of the activity of the dye (see column 7 of 
the table). 
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RESULTS 

Included in this study were 2,316 mice im- 
planted with ascites tumor. Three hundred of them 
(the controls in the various experiments) were left 
untreated. As is shown in the table, 2,016 were fed 
the dye. Of these, 1,216 received 117 basic dyes 
listed under 22 Color Index numbers, and 752 re- 
ceived 118 acid dyes listed under 33 Color Index 
numbers. 

Of the 1,264 mice that received the basic dyes, 
189 died prematurely, probably from toxicity of 
the test diet, before the untreated control died 
from tumor. Of the remaining 1,075 mice treated 
with the basic dyes, 411 (38 per cent) exhibited 
longevity, 270 (25 per cent) showed resistance, 
and 145 (14 per cent) survived free from tumor for 
long periods of time. A total of 826 mice, or 77 per 
cent of the mice treated with basic dyes, showed 
some inhibition of tumor growth by these criteria. 

Twenty-seven of the 752 mice that received the 
acid dyes died prematurely. Of the remaining 725 
treated mice, 264 (36 per cent) exhibited longevity, 
44 (6 per cent) showed resistance, and 9 (1 per 
cent) lived free from tumor growth for a long time. 
A total of 317 mice, or 43 per cent of the mice 
treated with the acid dyes, exhibited inhibition of 
tumor growth. 

The antitumor activity of the dyes, measured as 
the percentage of treated mice that exhibited one 
or another type of tumor inhibition, varied from 
zero to 100 per cent. Individual dyes listed under 
the same Color Index number frequently exhibited 
varying degrees of antitumor activity. Twenty- 
five basic and eight acid dye samples showed some 
inhibitory activity in 100 per cent of the animals 
treated. The number of these highly active dye 
samples found in the various Color Index numbers 
is given within the parentheses of the table. 

Many of the acid dyes showed but little anti- 
tumor activity, but only two dyes (Methyl Green 
and Iodine Green, Color Index No. 685) proved to 
be entirely inactive. 

Purified dyes proved effective in lower concen- 
trations than commercial ones; otherwise, there 
was little difference in the action of purified and 
commercial samples obtained from the same 
source. 

The majority of the acid dyes were not toxic; 
the treated mice gained weight and remained in 
good condition until incapacitated by abdominal 
distention due to accumulation of ascitic fluid. 
The ascitic fluid from these mice, moreover, con- 
tained comparatively few neoplastic cells. 

Many of the basic dyes were toxic. The treated 
mice lost weight and became ill; they recovered 
quickly when fed dye-free diet. Two individual 


basic dyes (Lithosol Blue, C.I. No. 658, and one 
Night Blue, C.I. No. 731) proved to be exceptions; 
mice fed diets containing these basic dyes gained 
weight and remained well for long periods of time. 
As is shown in the table, the majority of the 
acid dyes induced one type of tumor inhibition, 
namely longevity, in the treated mice. The ma- 
jority of the basic dyes brought about all three 
types of tumor inhibition. The results indicate 
that the dyes with the greatest antitumor activity 
were those of seventeen different Color Index 
numbers (fifteen basic and two acid) that ex. 
hibited all three types of antitumor activity. This 
group includes the majority of individual dyes 
that caused some inhibition of tumor growth in all 
the mice treated (see parentheses of the table). 


DISCUSSION 


The Ehrlich ascites mouse tumor was found as 
a suspension of neoplastic cells arising from the 
lining (mesothelium) of the peritoneal cavity of a 
mouse in 1907. It can grow as a suspension of free 
cells in the peritoneal fluid uncontaminated by 
blood or stroma cells. This type of neoplasm should 
not be confused with the recently described ascitic 
tumors. The latter are free neoplastic cells occur- 
ring in the pleural and peritoneal fluids of mice in 
which cells from localized tumors (sarcoma, car- 
cinoma, etc.) have invaded or been transplanted 
into the serous cavity. 

The Ehrlich ascites mouse tumor has seldom 
been used for chemotherapeutic studies. Ambrus, 
Ambrus, Harrisson, and Cravetz (2) used the 
Ehrlich ascites mouse tumor in testing the effect 
of subcutaneous injections of nucleotides on tumor 
growth. Lettré (5) employed it in a study of the 
antitumor effect of trypaflavin. Lewin, Spencer, 
Ekstein, Woidowsky, Stein, and Laszlo (6) studied 
the survival time of mice bearing Ehrlich ascites 
tumor following injections of radio lanthanum and 
of stable lanthanum. 

In previous studies concerning the effect of oral 
administration of dyes to animals bearing local- 
ized sarcoma or carcinoma, it was found that the 
dyes which stain tumors also retard their growth 
(7-9). In the present study, only one dye, Ethyl 
Violet (C.I. No. 682), stained the neoplastic cells 
of the ascites tumor. Gentian Violet (C.I. No. 680) 
stained the mucosa of the intestinal tract and the 
parasitic worms lodged within the intestine, but 
the tissue and organs of the mice that received the 
dye remained unstained. Since the triphenylme- 
ane dyes are readily reduced to the leuco base, this 
may account for the fact that only a few of the 
dyes were excreted as colored products in the urine 
of the treated mice. The majority of them were 
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found among the Color Index Nos. 676 to 681; 
two were acid dyes, Color Index Nos. 735 and 737. 

The most active (antitumor) compounds were 
found among the diphenylketonimines (C.I. No. 
655), the triphenylearbinol anhydrides (C.I. Nos. 
657, 658, 662, 677, 678, 680, 681, 682, 683) and the 
diphenylnaphthylearbinol anhydrides (C.I. Nos. 
728, 729, 731). All these compounds have at least 
two amino groups on the ring structures para to 
the central carbon. 

Among the commercially available dyes of this 
series, the types of substitutions in the amino 
groups are limited. These consist of methyl, ethyl, 
benzyl, and phenyl radicals. The majority of the 
basic dyes exhibiting the greatest antitumor ac- 
tivity contain amino groups which are fully sub- 
stituted. Dyes with mono-substituted amino 
groups (C.I. No. 664) and three primary amino 
groups (C.I. Nos. 676 and 677) were less active. 

That the basic triphenylmethane dyes exhibit 
marked antibacterial action is well known. Gale 
and Mitchell (4) found that the basic dye (C.I. 
No. 684) was inactive. In the present study, the 
only dyes entirely without antitumor activity 
were those of the Color Index No. 685. With 
the exception of dyes of Color Index No. 676 
and Color Index No. 685, which have low anti- 
tumor activity, all the effective antiseptic dyes 
mentioned by Fairbrother and Renshaw (3), as 
well as those given by Gale and Mitchell, showed 
a high degree of antitumor activity. 

Albert et al. (1) have demonstrated that highly 
basic acridines are almost completely ionized in 
solution to give cations and that compounds which 
lack amino groups have poor ionization and anti- 
bacterial activity. Since data as to the degree of 
ionization of the triphenylmethane dyes are in- 
complete, inferences as to antitumor activity de- 
pendent upon varying substitutions in the amino 
groups and ring structures cannot be drawn. 

In general, however, replacement of amino 
groups by acid (electronegative) groups has ren- 
dered chemotherapeutic agents less toxic, but at 
the same time has decreased their biological ac- 
tivity. This is not entirely true in regard to the 
antitumor activity of the triarylmethane dyes. 
While the acid dyes proved less toxic than the bas- 
ic ones, if the degree of activity is measured by 
the prolongation of life of the treated mice, then 
many of the acid: dyes show a high degree of ac- 
tivity. On the other hand, if the activity is meas- 
ured by the number of mice that remain free from 
tumor, then they are biologically inactive. 

The majority of chemotherapeutic agents that 
have been found to retard tumor growth damage 
the health of the host. This was true in regard to 


basic diaryl- and triarylmethane dyes, but the ill 
health caused by the dyes was not permanent. 
When the tumor-free mice were changed from test 
diet to laboratory chow, they gained weight 
rapidly. Unfortunately, the few dormant neoplas- 
tic cells also responded to the improved conditions 
and many of the mice eventually died from tumor; 
some, however, recovered completely and _re- 
mained free from tumor. 


SUMMARY 


The tumor-inhibitory activity of 235 diaryl- and 
triarylmethane dyes listed under 55 different Color 
Index numbers was tested by oral administration 
to 2,016 mice bearing intraperitoneal growths of 
Ehrlich ascites mouse tumor. 

The tumor-inhibitory activity of the dyes was 
measured in three ways: prolongation of life of the 
tumor-bearing mice 2—6 times that of the control 
(longevity), number of treated mice dying with- 
out tumor 2-10 days after the untreated controls 
died from tumor (resistance), and the number of 
treated mice that survived 20—60 or more days and 
still remained free from tumor (survivors). 

All 300 mice bearing ascites tumors that were 
left untreated to serve as controls in the various 
experiments died from the tumor within an aver- 
age of 11.4 days; the majority died on the ninth or 
tenth day. No regression of tumor growth took 
place in the untreated controls. 

The acid dyes were not toxic; mice treated with 
the majority of the acid dyes lived longer than the 
untreated controls. A number of the basic dyes 
proved to be toxic; many of the treated mice died 
without tumor, and those which survived lost 
weight. 

Many of the basic diaryl- and triarylmethane 
dyes retarded the growth of the Ehrlich ascites 
tumor, but only one of them, Ethyl Violet (C.I. 
No. 682), stained the ascites cells in vivo. 

The results indicate that the dyes with the 
greatest antitumor activity were found among the 
seventeen Color Index numbers (fifteen basic and 
two acid dyes) which caused all three types of 
tumor inhibition in the treated mice. 

Thirty-three of the individual dye samples 
listed under sixteen of the different Color Index 
numbers caused one or another form of tumor 
inhibition in every one of the 333 treated mice. 
Twenty-six of these dyes (25 basic and one acid) 
brought about tumor inhibition of all three types. 
The other seven dyes (acid) prolonged life of the 
tumor-bearing mice but did not prevent tumor 
growth. 
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The Carcinogenic Activity of Dihydroxybenzidine 


Further Investigations* 


R. KENNETH BAKER 


(The Clayton Aniline Company, Limited, Clayton, Manchester 11, England) 


The fact that benzidine, in the commercial form 
of the free base, the sulphate, or the hydrochloride, 
exerts a powerful carcinogenic activity upon the 
human bladder has been accepted owing to the 
clinical evidence reported during the past 20 years 
(4,7, 9, 13, 16). 

However, the importance of ruling out any 
other compound, or combination of compounds, as 
the carcinogen in cases of bladder tumors found 
among workers in benzidine industries, neces- 
sitated evidence other than clinical. Attempts to 
induce experimental tumors with benzidine during 
that period had been without success (11), and it 
was not until 1950 that evidence was produced to 
show that benzidine was carcinogenic in experi- 
mental animals. Spitz et al. (17) produced neoplas- 
tic changes in rats injected with both pure and 
technical-grade benzidine, including hepatoma, 
squamous-cell carcinoma of the sebaceous glands 
adjacent to the external auditory canal, and 
adenocarcinoma of the colon. No bladder changes 
were noted, except in one dog. 

In a previous communication, Baker (2), work- 
ing with a suspected metabolite of benzidine, 3,3’- 
dihydroxybenzidine, produced liver and bladder 
tumors in mice, including hepatoma and squa- 
mous-cell carcinoma of the bladder. The metabo- 
lite isolated was in an impure form, having a melt- 
ing point of 136°-138°C. Pure 3,3’-dihydroxy- 
benzidine has a melting point of 292° C.! There- 
fore, a further series of experiments was under- 
taken using recrystallized synthetic 3,3’-dihy- 
droxybenzidine. 


MATERIALS AND METHODS 


Strain.—Male heterozygic rats, derived from the Slonaker 
Colony? and of 12-15 weeks of age at the beginning of the 


*A summary of this paper was presented before the 2d 
International Congress of Biochemistry held in Paris, France, 
July 21-26, 1952. 


‘LG. D.R.P. 485-611 from 50 per cent pyridine. 


_ * Obtained from the Slonaker Colony of the Faculty of Medi- 
cine, Stanford University, Stanford, Calif. 


Received for publication August 28, 1952. 


experiment, were housed four to a cage and fed up to a weight 
of approximately 175 gm. before administration of the chemical 
began. Sex differences were not studied. Four rats from a group 
of sixteen used in this experiment were separated for control 
purposes. 

Diet.—A normal basic diet of Ministry of Food rat cake 41 
was used throughout this experiment. This was supplemented 
from time to time with cabbage and cod liver oil. The M.O.F. 
rat cake 41 consists, roughly, of whole meal flour, 46 per cent; 
S.S. oats, 40 per cent; fish meal, 8 per cent; dried skimmed 
milk, 3 per cent; and 1 per cent each of dried yeast, cod liver 
oi], and salt. Water was allowed ad libitum. The control ani- 
mals on this diet gained weight and were in excellent condition 
at the end of 1 year. 

Methods of chemical administration—The synthetic dihy- 
droxybenzidine under investigation was supplied as the hydro- 
chloride by Ciba, Basle, and after conversion to the free base 
was purified by repeated recrystallization from absolute alcohol 
until the melting point was stable at 286°C. This compound 
oxidizes readily and is not stable above 286° C. 

M.O.F. rat cake 41 was ground to a powder in a rotary ball 
mill and the chemical added to a concentration of 0.125 per 
cent by weight. This preparation was mixed with sufficient 
olive oil to mould it into a pellet, and each animal was fed 
roughly 10-15 gm. once per day. To counteract any disturb- 
ance, and since it was desirable that the experiment should run 
for the maximum length of time, occasional rest periods on a 
diet free of the chemical were allowed. These were during the 
22d, 27th, and 37th weeks, respectively. On the 24th and 25th 
weeks the animals were given the diet every other day, and the 
diet was terminated on the 41st week. The estimated average 
daily intake of the diet containing the chemical per animal, was 
of the or’er of 5-8 gm. per day. 


RESULTS 


Control series.—The four control animals sur- 
vived for more than 52 weeks and in the end were 
sacrificed. No gross pathological changes were 
noted, and serial sections of all the major or- 
gans, including the sebaceous glands of the exter- 
nal auditory canal, were made. No evidence of 
neoplastic changes was found. 

Experimental series.—Survival of the twelve 
animals under investigation was good, seven rats 
surviving more than 30 weeks. All these animals 
carried one or more of the five types of tumors 
which occurred in the experimental series (‘Table 
1). These were hepatoma, adenocarcinoma of the 
colon, carcinoma of the sebaceous glands adjacent 
to the external auditory canal, squamous-cell 
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carcinoma of the forestomach, and bladder carci- 
noma. In addition, cirrhosis of the liver, nodular 
regeneration, and bile duct proliferation were 
found. Metastases were noted in lung, spleen, kid- 
ney, and in adrenal, thyroid, and lymphatic tissue. 

Changes in the liver.—Of the seven rats surviv- 
ing 30 weeks or more, all seven showed evidence of 
histological changes in the liver. In all the nine ex- 
perimental animals, fed 3,3’-dihydroxybenzidine, 
which survived more than 12 weeks, bile duct pro- 
liferation, nodular regeneration, and cirrhosis were 
found. Seven hepatomas were observed in the ex- 
perimental group, the earliest noted in an animal 
treated for 20 weeks. These were usually multiple, 
soft, greyish-white tumor nodules, about 2-3 em. 
in diameter. However, in two cases these were the 
size of a walnut. Histologically, the structure of 


found to have intestinal tumors. These tumors 
were noted in animals dying after 16, 20, 31, 33, 40, 
and 41 weeks. Histologically, they were typical 
adenocarcinomas of the colon. As in the case of 
tumors arising from the sebaceous glands adjacent 
to the external auditory canal, the occurrence of 
intestinal tumors coincides with the results of in- 
vestigations with acetylaminofluorene (5) and 
benzidine (17). 

Gastric tumors.—Histological changes of the 
forestomach were noted in five of the seven ani- 
mals surviving for 30 weeks or more. These 
changes ranged from hyperplasia of the viscus to 
an invading keratinizing tumor mass. In two ani- 
mals a keratinizing squamous-cell carcinoma was 
found which invaded the viscus and involved the 
serosa of the stomach wall (Fig. 6). 


TABLE 1 
TYPE AND LOCATION OF TUMORS 


Adeno- Carcinoma of 
Rats carcinoma the fore- Bladder Sebaceous gland 

Group started Chemical Hepatoma* of the colon stomach carcinoma tumors 

Experimental series 12 0.125 per cent 7(5)t 6(2)t 2(0) 3(0) 3(1)§ 
3,3’-dihy- 
droxybenzi- 
dine 

Control series 4 none — — — — _ 


* Figures in brackets indicate number of rats showing one or more metastasis. 


t Metastases to lung, kidney, spleen, and lymphatic tissue. 
t Metastases to kidney and adrenals. 
§ Metastasis to thyroid. 


the malignant hepatoma varied, the cells being ir- 
regular and often very large with giant nuclei. 
Acidophilic inclusion and vacuoles were commonly 
noted in the cytoplasm of the neoplastic cells and 
occasionally in the nuclei (Figs. 1, 2). The histo- 
logical appearance of the metastases found in the 
lung, kidney, and spleen of some animals reflected 
the structure of the primary tumors (Fig. 3). 
Tumors of the sebaceous glands adjacent to the ex- 
ternal auditory canal.—Three of the twelve animals 
fed 3,3’-dihydroxybenzidine were found to have 
tumors of the sebaceous glands adjacent to the ex- 
ternal auditory canal. These developed after 31, 
33, and 41 weeks, respectively, and the animals 
themselves survived but 2-3 weeks after the first 
appearance of the tumor. In each case the tumor 
ulcerated through the skin and into the external 
auditory canal. When these were dissected out, it 
was found that they had involved the deep muscles 
of the neck, which were grossly infiltrated with neo- 
plastic tissue (Fig. 4). Histologically, these were 
mature keratinized squamous-cell carcinomas 
(Fig. 5) and appeared to be similar to those report- 
ed in the results of investigations with acetyl- 
aminofluorene (5) and benzidine (17). 
Adenocarcinoma of the colon.—Six animals were 


Tumors of the urinary bladder.—The urinary 
bladders were completely distended with “‘Susa” fix- 
ative by means of injection and serial sections made. 
Of the seven rats surviving 30 weeks or more, five 
were found with evidence of histological changes in 
the urinary bladder. These ranged from simple hy- 
perplasia of the bladder mucosa to invasive carci- 
noma of the bladder wall. | 

The hyperplasia varied in intensity but general- 
ly proved to be more marked in the animals which 
survived the greatest length of time. Bladder tu- 
mors were found in three of the seven experimental 
animals under review. These appeared in animals 
surviving 33, 40, and 41 weeks. Histologically, the 
appearance of these three tumors differed. One tu- 
mor was a simple sessile papilloma (Fig. 7); the 
other tumors were found to be invasive carcino- 
mas. These tumors, which were invading the blad- 
der mucosa and infiltrating into the bladder wall, 
were diagnosed as keratinized squamous-cell car- 
cinoma of the bladder (Figs. 8, 9). 


DISCUSSION 


The neoplasms reported by Spitz and co-work- 
ers (17) indicate that benzidine is a carcinogen, 
as distant tumors were observed in animals re- 
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ceiving this compound over a period of time. Tu- 
mors of the bladder had not been produced experi- 
mentally with benzidine in the reported work of 
other investigators (4, 10, 17), and in man the 
urinary bladder is the usual site attacked. The 
failure to obtain bladder tumors with benzidine in 
previous experiments may lie in the species of the 
animal used, the mode of administration of the 
chemical, or the degree of dosage, but the impor- 
tance of a metabolite of benzidine being the blad- 
der carcinogen is now considered. 

The fate of the benzidine in the animal body has 
not been fully established, and more work will be 
required before it is proved that it is benzidine, as 
such, or a product of its metabolism which is the 
carcinogen in cases of tumors of the urinary blad- 
der in man. However, the fact that, of the seven 
rats in this series surviving 30 weeks or more, 
three developed bladder tumors, two of which were 
carcinoma, and two developed gastric carcinoma 
after prolonged administration of dihydroxy- 
benzidine is of importance. In addition, the ani- 
mals also developed liver, intestinal, and the audi- 
tory tumors similar to those reported by Spitz et 
al. (17), working with benzidine. 

As the two gastric tumors may be an indication 
of its carcinogenicity at the site of administration, 
we are undertaking further experiments to discov- 
er if sarcoma can be produced at the injection site 
with dihydroxybenzidine. 

The similarity of the results obtained by Wilson 
et al. (20) and Bielschowsky (5), working with 
2-acetylaminofluorene, and by Spitz ef al. (17), 
working with benzidine, to the results of this series 
are all the more striking when one notes that 
acetylaminofluorene, benzidine, and dihydroxy- 
benzidine all react on the liver, colon, and seba- 
ceous glands of the external auditory canal and, in 
the case of acetylaminofluorene and dihydroxy- 
benzidine, on the bladder (2, 5, 21). 

The metabolism of 2-acetylaminofluorene has 
been investigated by the usual biochemical tech- 
nies as well as with the tracer labeling technic, and 
it has been established that, in the rat, 2-acetyl- 
aminofluorene is deacetylated (19). The work of 
Morris et al. (15) also suggests that the process of 
deacetylation is reversible. A metabolite, 2-acetyl- 
amino-7-hydroxyfluorene, has been isolated from 
rat urine (6). 

It has been suggested that the benzidine is 
partly acetylated and partly hydroxylated (9). 
Baker (2) has also suggested that oxidation may 
take place to 3,3’-dihydroxybenzidine. 

. It is possible that in the rat, with a compara- 
tively short life span compared to that of the hu- 
man, benzidine metabolites, even with the maxi- 


mum dosage, would not have time to affect the 
urinary bladder. First, benzidine may be acetylat- 
ed and excreted as such to a great extent, and the 
subsequent oxidation of the acetylbenzidine may 
take place so slowly or to such a small extent as to 
preclude a possible effect on the urinary bladder 
during the life span of the animal. However, dihy- 
droxybenzidine introduced as such, in large 
amounts, over a long period of time, seemed to 
exert a more direct influence against the urinary 
bladder than benzidine. One might conclude it 
was because of a reduction in the necessary stages 
of the metabolism that the resulting carcinogenic 
activity, against the urinary bladder, was brought 
within the life span of the animal. 

2-Acetylaminofluorene, which, when ingested, is 
subsequently metabolized to 2-acetylamino-7-hy- 
droxyfluorene, affects the urinary bladder of rats 
(5, 20) and mice (1). Although 2-acetylamino-7- 
hydroxyfluorene failed to produce bladder tumors 
when fed to albino rats (12), it is still possible that 
it is the process of deacetylation, acetylation, and 
oxidation which renders 2-acetylaminofluorene 
carcinogenic to the urinary bladder. 

Truhaut (18) feels that “the selective action of 
bladder carcinogens may well represent the action 
of urinary metabolites,” and it is interesting to 
note that two hydroxy derivatives of beta-naph- 
thylamine, 
amine and 1-hydroxy-2-aminonaphthol, have been 
isolated and reported in literature. The carcino- 
genic activity of the latter compound has been es- 
tablished by Bonser et al. (8). This compound was 
isolated from the urine of both humans and dogs 
assimilating B-naphthylamine. 

Leuenberger (14) attributed the carcinogenic ac- 
tivity of aromatic amines to the fact that hy- 


_ droxylated derivatives result from their metabo- 


lism, and it seems that in the case of 6-naphthyl- 
amine, benzidine, and possibly 2-acetylamino- 
fluorene, either the hydroxy derivatives them- 
selves are carcinogenic, or the processes involved 
in their formation. Thus, one may suspect that an 
vivo oxidation is a prerequisite in the establishment 
of a condition, or a compound, which results in tu- 
mors of the urinary bladder both in experimental 
animals and the human. 

The possibility that oxidation of these aromatic 
amines in vivo is important to the setting up of a 
urinary carcinogen should not be overlooked, and 
it is suggested that thorough and complete investi- 
gation of the mechanism of benzidine metabolism 
should be the next most logical step in the investi- 
gation of this carcinogen, which, in many cases, is 
the causative agent of carcinoma of the bladder 
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(16) found in dye-workers and allied trades using 
or manufacturing benzidine. 


SUMMARY 


Synthetic 3,3’-dihydroxybenzidine was fed to 
rats of the Slonaker strain at a concentration of 
0.125 per cent in a normal basic diet of Ministry of 
Food rat cake 41. 
Histological changes in the liver, including cir- 
rhosis and hepatomas, adenocarcinoma of the 
colon, carcinoma of the sebaceous glands adjacent 
to the external auditory canal, and squamous-cell 
carcinoma of the stomach were present in a num- 
ber of animals under investigation. In addition, 
neoplastic changes in the bladders were observed 
in three of seven animals surviving 30 weeks or 
more. These tumors of the urinary bladder con- 
sisted of one sessile papilloma and two keratinized 
squamous-cell carcinomas of the bladder wall. 
These findings are discussed in relation to the 
results of Spitz and co-workers, and the possibility 
that 7n vivo oxidation is a prerequisite to carcino- 
genic activity within the bladder is suggested, in 
the light of the similarity of results of this series 
and those reported with 2-acetylaminofluorene 
and 1-hydroxy-2-aminonaphthol. 
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Fic. 1.—Malignant hepatoma arising in a rat fed 3,3’-di- 
hydroxybenzidine for 34 weeks. H & E X100. © 

Fic. 2.—High power photomicrograph of the hepatoma 
shown in Figure 1. Note the acidophilic inclusion and vacuoles 
in both the cytoplasm and nuclei of the malignant cells. H & E 
850. 

Fic. 3.—Metastases arising in the lung of a rat fed 3,3’-di- 
hydroxybenzidine for 36 weeks. In addition, hepatoma and 
adenocarcinoma of the colon were found. H & E X10. 

Fic. 4.—Cross section of the head of a rat bearing a squa- 
mous-cell carcinoma arising in the sebaceous gland adjacent to 
the external auditory canal. Note the hypertrophy of the other- 
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wise normal sebaceous gland on the left (arrow). H & E X10. 


Fic. 5.—High power photomicrograph of the tumorous area 


shown in Figure 4. H & E X850. 


Fic. 6.—Carcinoma of the forestomach of a rat fed 3,3’-di- 


hydroxybenzidine for 36 weeks. H & E X150. 


ing 


Fic. 7.—Papilloma of the urinary bladder found after feed- 


a rat for 40 weeks with 3,3’-dihydroxybenzidine. H & E 


x10. 


Fic. 8.—Carcinoma of the bladder arising after 41 weeks of 


feeding 3,3’-dihydroxybenzidine. H & E 500. 


Fic. 9.—Squamous-cell carcinoma of the urinary bladder. 


Rat fed 3,3’-dihydroxybenzidine for 33 weeks. H & E X500. 
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The Effect of Hormonal ‘Therapy of Prostatic 
Cancer on Serum Aldolase* 


RocEer BAKER AND DUNCAN GOVAN 


(Department of Surgery, Division of Urology, University of Chicago, Chicago, Ill.) 


The involvement of hormonal mechanisms in 
specific types of cancer has been recognized. Ad- 
ministration of adrenocorticotrophic hormone or 
cortisone may effect a remission of certain of the 
leukemias. Patients with advanced mammary can- 
cer may have remission of the disease following the 
use of testosterone or estrogen. Huggins (3) has 
demonstrated the possible prolonged deactivation 
of metastatic cancer of the prostate by means of 
orchiectomy and estrogen therapy and, more re- 
cently, by adrenalectomy (2). During periods of 
exacerbation and remission of neoplastic activity, 
these patients are particularly adaptable for the 
biochemical study of cancer. , 

Although the endocrine-enzyme relationship to 
cancer is complex, interest in this field is growing as 
the potentialities of hormonal control of cancer 
become more apparent. Warburg’s (9) finding 
that a high rate of aerobic glycolysis is a bio- 
chemical characteristic of malignant cells remains 
as the nearest quantitative approach to a single 
distinguishing metabolic peculiarity of tumor tis- 
sue that is generally exclusive of normal or benign 
tissue. Warburg and Christian (10) later reported 
that two of the enzymes of the glycolytic mechan- 
ism, aldolase and triose isomerase, appear in large 
amounts in the serum of tumor-bearing rats and 
occasionally in some patients with cancer. This 
observation was independently confirmed and ex- 
tended by Sibley and Lehninger (6). It was con- 
cluded that, as serum aldolase is increased in only 
20 per cent of patients with cancer, the concentra- 
tion of serum aldolase is not of diagnostic useful- 
ness. Experimentally, the tumor weight must ex- 
ceed 2 per cent of total body weight of the rat in 
order to produce elevated serum aldolase levels. 
As a result of these observations, there has been 
little additional interest in serum aldolase in pa- 
tients with cancer. 


“This investigation was aided by an American Cancer 
Society Institutional Grant and the Gerber Memorial Cancer 
gue. 


Received for publication August 28, 1951. 


Despite these objections, the situation is not 
dissimilar to the relationship of serum acid phos- 
phatase to the activity of prostatic cancer. It is 
exceedingly unusual to have an increased concen- 
tration of serum acid phosphatase in the presence 
of early or nonmetastatic cancer of the prostate. 
In addition, it is recognized that 30—40 per cent of 
patients with advanced prostatic cancer will have 
normal serum acid phosphatase levels. Neverthe- 
less, increased serum concentration of acid phos- 
phatase remains as the only significant biochemical 
indicator of the activity of advanced prostatic 
cancer. 

The objective of this paper is to demonstrate a 
correlation between serum aldolase concentration 
and the activity of prostatic cancer subjected to 
endocrine control. 


METHODS 


A group of patients with untreated, advanced, prostatic 
cancer was studied. Serum aldolase and acid?and alkaline phos- 
phatase concentrations were determined prior to and during 
therapy. Treatment consisted of orchiectomy or the daily intra- 
muscular administration of 5 mg. of diethylstilbestrol. Dr. 
Charles Huggins performed a bilateral adrenalectomy on two 
patients. Another series of patients with early cancer of the 
prostate was investigated. Serum aldolase and acid and alka- 
line phosphatase levels were determined prior to and after total 
prostatectomy. 

The function of aldolase in the glycolytic mechanism of in- 
tracellular metabolism has been established precisely, owing to 
its high degree of substrate specificity. Aldolase catalyzes the 
reversible cleavage of fructose-1,6-diphosphate to one mole 
each of glyceraldehyde phosphate and dihydroxyacetone phos- 
phate. In this experiment serum aldolase was determined by 
the colorimetric method of Sibley and Lehninger (7). This pro- 
cedure depends essentially on measuring the activity of aldo- 
lase per milliliter of human serum by its capacity to catalyze 
the breakdown of hexose diphosphate (HDP). The triose end- 
products are determined colorimetrically by the addition of 
2,4-dinitrophenylhydrazine in the presence of alkali. As serum 
usually contains triose phosphate isomerase, which rapidly 
converts the glyceraldehyde phosphate to dihydroxyacetone 
phosphate, the reaction is stabilized by the addition of hydra- 
zine. Because of the hydrogen ion concentration and buffering 
activity of the blood, it was not necessary to use tris buffer in 
serum aldolase determinations. 

This method for the determination of aldolase is a practical 
procedure, and the results obtained are significant for relative 
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alterations in serum concentrations. The method presents cer- 
tain pitfalls for the determination of absolute quantities of 
aldolase. Crystalline rabbit aldolase was extracted and re- 
crystallized according to the procedure of Cori (8). Recovery 
of a known amount of aldolase by the method of Sibley and 
Lehninger was frequently in error to a magnitude of 15 per 
cent. 

Occasionally, serum aldolase determinations failed to reveal 
any of the enzyme present, while duplicate determinations of 
the same sample demonstrated the expected presence of a 
normal quantity of aldolase. The explanation for this peculi- 
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CHart 1.—Patient with untreated metastatic prostatic 
cancer demonstrating increased serum concentrations of al- 
dolase and also acid and alkaline phosphatase. Orchiectomy re- 
sulted in deactivation of cancer activity biochemically and 
clinically. Aldolase and acid phosphatase decreased toward 
normal. Phosphatase values expressed as King-Armstrong 
units. 


arity is unknown. As a consequence, duplicate and often 
quadruplicate determinations were performed on each sample 
of serum or tissue. 

Serial enzyme levels were obtained on all human beings, 
dogs, and rabbits in the experiment. It was necessary, there- 
fore, to compare fluctuations in enzyme level with some other 
constituent of the serum. Variations in aldolase concentra- 
tion/ml of serum could conceivably be explained solely by 
alterations in total blood volume due to blood loss, hemodilu- 
tion from intravenous fluids, or hemoconcentration due to 
dehydration. Serum aldolase values/ml were compared to 
total protein concentration/100 ml in the form of an Aldolase 
Index. 


Serum aldolase units 1 ml. 
Total protein gm/100 ml 


= Aldolase Index 


Clinically, it was seldom necessary to express aldolase as an 
index. However, in dogs, and particularly in serial serum 


analyses in rabbits, frequent use of an aldolase index to obtain 
significant results was required. 

All aldolase values are expressed as units which equal 
c. mm. of HDP split at 38° C. per hour. Units may be converted 
to micromoles by dividing by 22.4. The range of normal for 
human serum aldolase is 2.0—9.6, with a mean of 5.8 units. 

All phosphatase units are those of King and Armstrong (4), 
Total protein was determined by the micro-Kjeldahl method of 
Ma and Zuazaga (5). 


RESULTS 


Advanced prostatic cancer.—Sixteen consecu- 
tive, proved, unselected, and untreated patients 
with advanced cancer of the prostate were studied. 
Prior to treatment, the serum aldolase was ele- 
vated above normal in twelve of these patients. 
Following orchiectomy or estrogen therapy, the 
elevated serum aldolase concentration returned to 
normal range in ten of the twelve patients (Chart 
1). 

Two of the four patients that failed to demon- 
strate a pretreatment increased serum aldolase had 
normal serum acid phosphatase values, despite the 
presence of extensive metastases. No clinical im- 
provement resulted from hormonal therapy in 
two of these four patients, as judged by persistence 
of back pain, symptoms of obstructive prostatism, 
anorexia, and radiographic observation of metas- 
tases. Although there was no elevation of the con- 
centration of serum aldolase, following orchiecto- 
my or estrogen therapy the concentration of serum 
aldolase was greatly reduced in two of these four 
patients. 

A breakdown of data obtained from the twelve 
patients that had elevated serum aldolase prior to 
treatment reveals that two patients had normal 
levels of serum acid phosphatase (Chart 2), and 
that in one additional patient both acid and alka- 
line phosphatase values were within normal range. 
Following hormonal therapy, this last patient 
failed to demonstrate any clinical evidence of can- 
cer deactivation. The concentration of aldolase 
paralleled the clinical course and remained above 
15 units. The remaining patient that failed to 
demonstrate a return to normal range of serum 
aldolase following therapy had an excellent clinical 
and biochemical (phosphatase) remission of his 
cancer. 

Following orchiectomy or estrogen therapy, pa- 
tients with advanced prostatic cancer that exper!- 
ence a remission of their disease do not usually 
demonstrate a second elevation of serum acid 
phosphatase when subsequent exacerbation in ac- 
tivity of the malignancy occurs. Although these 
same patients may terminally demonstrate an ele- 
vation of alkaline phosphatase, the serum acid 
phosphatase usually remains nearly normal. Serum 
aldolase has been determined on three such pa- 
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tients and in all of them it has been considerably 
elevated in the presence of normal acid phos- 
phatase. 

Two patients underwent bilateral adrenalec- 
tomy for advanced prostatic cancer. The preopera- 
tive levels of aldolase concentration were 2—3 times 
normal value. Administration of cortisone, 100 
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Cuart 2.—The effect on serum aldolase concentration of 
orchiectomy for advanced prostatic cancer. The increased pre- 
operative aldolase content may be compared with normal 
levels following androgen withdrawal. Despite extensive 
metastases all serum acid phosphatase values were normal. 
Excellent clinical remission of cancer activity obtained. 


6 


mg. twice daily prior to surgery, did not alter the 
enzyme level. Following adrenalectomy, the aldo- 
lase decreased nearly to normal range in both pa- 
tients (Chart 3). 

Early prostatic cancer.—Four patients with early 
cancer of the prostate were studied. No signs of 
extension of the cancer were present, as deter- 
mined by normal concentrations of acid and alka- 
line phosphatase, normal appearance of skeleton, 
and presence of only a small, localized nodule in 
the prostate on digital examination. Total prosta- 
tectomy was performed by the perineal approach 
and the diagnosis confirmed by pathologic ex- 
amination. Serum aldolase concentrations were 
normal before and after surgery in three patients. 
One patient had increased serum aldolase that de- 
creased to normal range following prostatectomy. 
Microscopic examination of this prostate revealed 
perineural lymphatic extension of the malignancy. 
Subsequent orchiectomy produced no significant 
alteration in serum aldolase levels. Although the 
intramuscular administration of testosterone pro- 


prionate, 25 mg. daily, following orchiectomy 
failed to effect any change in acid phosphatase, the 
serum aldolase content markedly increased into 
the abnormal range. Discontinuance of testoster- 
one caused the large amounts of aldolase to disap- 
pear from the serum. These results are plotted in 
Chart 4. 


ConTROL EXPERIMENTS 


Testosterone withdrawal and replacement.—To 
determine whether the observed reduction in 
quantity of serum aldolase following orchiectomy 
or estrogen therapy was produced by the endo- 
crine imbalance effected or by remission of cancer 
activity, three patients with advanced bronchio- 
genic carcinoma of the prostate were studied. Two 
of the patients had increased serum concentration 
of aldolase. Following orchiectomy the clinical 
condition of the patients deteriorated or was unim- 
proved. In either situation aldolase increased 
markedly in the serum (Chart 5). It would appear 
that in these cancer patients androgen withdraw- 
al has no effect on serum aldolase concentration. 

Additional studies were performed on an im- 
potent 25-year-old male with atrophic testes. 
There was no constant variation from normal of 
serum aldolase levels either before or after institu- 
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Cuart 3.—The effect of bilateral adrenalectomy on the ac- 
tivity of prostatic cancer. Observe that, despite a marked de- 
crease in concentration following surgery, the serum aldolase 
remains elevated above normal range. Serum acid phosphatase 
values were normal before and after surgery. Alkaline phos- 
phatase increased postoperatively, indicating remission of can- 
cer activity. 


tion of a 3-week course of intramuscular testos- 
terone propionate, 25 mg. daily. 

It would appear that there is no basic correla- 
tion between androgen administration or with- 
drawal and the concentration of serum aldolase. 
Certain experimental data, however, are not total- 
ly consistent with this clinical observation. Six 
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normal mongrel dogs were studied. The mean 
base-line serum aldolase determination was 51 + 
6.4 units. Orchiectomy was performed, and four 
dogs developed a decrease in serum aldolase con- 
centration to the mean value of 35 + 3.2 units. 
The intramuscular administration of testosterone 
proprionate, 10 mg. daily, restored the serum aldo- 
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Cuart 4.—Demonstration of the effect of androgen with- 
drawal and replacement on cancer activity and serum aldolase 
in a patient with prostatic cancer. Prostatectomy revealed that 
cancer had spread through capsule and also into perineural 
lymphatics. Elevated aldolase decreased to normal] following 
surgery. No additional alteration in enzyme level resulted from 
orchiectomy, but administration of androgen produced abnor- 
mal increase in serum aldolase content. 


lase content to the preorchiectomy level. Two dogs 
failed to demonstrate any significant decrease in 
aldolase content following orchiectomy. These 
same dogs also failed to show alteration in serum 
aldolase level while receiving a daily dose of 10 
mg. of testosterone proprionate. This difference in 
response to androgen withdrawal and replacement 
in the normal dog is unexplained, in view of the 
fact that all animals in the series were healthy, of 
the same sex, approximately the same age and 
weight, had no alteration in hydration, and were 
pair-fed. Nitrogen balance studies were not per- 
formed on these dogs. 

Anesthesia, operation, and blood loss.—The ef- 
fect of anesthesia, operation, and blood loss on the 
quantity of circulating aldolase was published in a 
previous report from this laboratory (1). Five ma- 
jor operative procedures were performed for non- 
malignant conditions, such as nephrectomy for 
hydronephrosis, pyeloplasty for ureteropelvic ob- 
struction, and suprapubic prostatectomy for be- 
nign prostatic hypertrophy. There was no sig- 


nificant alteration observed in serum aldolase in- 
dex following any of these procedures. The same 
result was obtained following sham operation on 
three dogs with the use of intravenous nembutal 
anesthesia. 

Nutrition.—The greatest increase in serum aldo- 
lase concentration was observed in those patients 
with advanced prostatic cancer. Most of these pa- 
tients also had marked loss of weight. It was 
necessary to determine, therefore, the relationship 
between nitrogen balance and serum aldolase level. 
Patients with cancer were given a diet of known 
nitrogen content. Urine and feces were collected 
daily, and total nitrogen excretion determined. 
The results obtained are summarized in Chart 6. 
It is possible for a patient to be in a state of either 
positive or negative nitrogen balance and have a 
co-existent increased serum aldolase concentra- 
tion. Conversely, a normal serum aldolase level 
may be observed in a patient in negative nitrogen 


20 T T 


ORCHIECTOMY 


SERUM ALDOLASE UNITS 


| 2 3 a 5 6 7 
DAYS 


Cuart 5.—Patient with bronchiogenic carcinoma. No clini- 
cal improvement following androgen withdrawal. This effect is 
identified biochemically by elevation of serum aldolase concen- 
tration. 


balance. The concentration of serum aldolase is ap- 
parently independent of the state of nutrition. 

Four dogs were starved for 1 week, and two 
dogs were dehydrated for 10 days. No significant 
alteration in aldolase index developed. 

Infections, prostatic hypertrophy, and other benign 
conditions.—Four patients with active pulmonary 
tuberculosis, three patients with acute and six pa- 
tients with chronic pyelonephritis all had normal 
concentrations of serum aldolase. 

The sera of 21 patients with benign hypertrophy 
of the prostate were examined for serum aldolase, 
and all were within normal range. Three patients 
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in each trimester of pregnancy were studied. Serial 
aldolase determinations failed to reveal any in- 
crease In serum aldolase content. 

As aldolase is one of the enzymes of the glyco- 
lytic mechanism, a group of patients with an al- 
tered metabolic condition were investigated. Two 
patients with untreated hyperthyroidism and 
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CxHart 6.—Demonstration in three patients of the possible 
relationships between serum aldolase and nitrogen balance. 
A. Increased serum aldolase and negative nitrogen balance de- 
termined in a patient with advanced prostatic cancer. 
B. Increased aldolase and positive nitrogen balance in a patient 
with advanced prostatic cancer. C. Normal serum aldolase and 
negative nitrogen balance observed in a patient with carcinoma 
of the rectum. 


three patients with untreated diabetes mellitus 
had abnormally increased serum aldolase concen- 
trations. Following therapy, all returned to normal 
range. Although two patients with cirrhosis of the 
liver had normal serum aldolase, the regenerating 
liver produces an elevated serum aldolase, as de- 
termined in two patients convalescing from virus 
hepatitis. 


DISCUSSION 


As a result of this investigation, it may be con- 
cluded that there appears to be no correlation be- 
tween the concentration of serum aldolase and 
either the presence or the activity of untreated, 
early, prostatic cancer. 

Twelve of sixteen patients with advanced, un- 


treated, prostatic cancer had increase of serum 
aldolase levels. Following hormonal therapy, the 
aldolase concentration returned to normal in ten 
of the twelve patients studied. 

It has not as yet been explained why one of the 
glycolytic enzymes should appear in large amounts 
in the serum of certain patients with cancer. It has 
been demonstrated, however, that with remission 
of prostatic cancer activity there is usually a re- 
turn to the normal level of serum concentration of 
this enzyme. In those patients where hormonal 
therapy was ineffectual in producing deactivation 
of the cancer, serum aldolase remained above nor- 
mal range. 

An increased concentration of serum acid phos- 
phatase is generally considered a specific indicator 
for the activity of advanced prostatic cancer, al- 
though it is not elevated in all patients with this 
disease. It is interesting to observe that in this 
group of sixteen patients with advanced prostatic 
cancer only eleven had elevated acid phosphatase 
values. Prior to therapy, three patients with met- 
astatic cancer of the prostate were observed to 
have normal serum acid phosphatase levels and 
markedly increased serum aldolase. It would ap- 
pear that serum aldolase concentration is inde- 
pendent of acid phosphatase. This impression is 
strengthened by observations on three patients, re- 
fractive to hormonal therapy, dying of prostatic 
cancer. None had increased acid phosphatase de- 
terminations, while all had large amounts of aldo- 
lase in the serum. 

Most experimental data presented indicates 
that the return to normal levels of increased serum 
aldolase following orchiectomy, estrogen adminis- 
tration, or adrenalectomy is apparently not an 
endocrine effect, but rather a measure of prostatic 
cancer activity. Data confirming these observa- 
tions may be summarized: Patients with bronchio- 
genic carcinoma had no clinical improvement fol- 
lowing orchiectomy. Repeated serum aldolase de- 
terminations in these patients demonstrated no 
decrease in concentration of the enzyme. An im- 
potent patient with atrophic testes failed to dem- 
onstrate any fluctuation in aldolase levels follow- 
ing testosterone therapy. 

It is difficult to reconcile these results with the 
observation that four of six dogs studied had a de- 
crease in serum aldolase below normal range fol- 
lowing orchiectomy that could be restored by ad- 
ministration of testosterone proprionate. In 60—70 
per cent of patients with advanced prostatic can- 
cer, however, there is an increase in serum aldolase 
content above the normal range prior to any 
therapy. If hormonal therapy deactivates the can- 
cer, this is usually reflected in a return to normal 
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range of serum aldolase. If no remission is effected, 
the concentration of aldolase generally persists 
considerably above normal levels, despite orchiec- 
tomy or administration of estrogen. In addition, 
patients that have had clinical and biochemical 
(phosphatase, aldolase) remission of cancer ac- 
tivity following hormonal therapy eventually be- 
come refractive to endocrine control and die of the 
disease. These patients demonstrate a progressive 
elevation of serum aldolase that corresponds to 
cancer activity and is apparently independent of 
endocrine influence. 

The status of nitrogen balance, of anesthesia, 
and of surgery has been investigated and is found 
to be independent of the concentration of serum 
aldolase. Benign tumors, such as hypertrophy of 
the prostate, are not associated with increased 
serum aldolase. Pregnancy and chronic infection 
also fail to affect the serum enzyme content. Pa- 
tients with untreated hyperthyroidism, diabetes 
mellitus, and those convalescing from hepatitis 
may have increased values of serum aldolase. Al- 
dolase is an enzyme of the glycolytic mechanism 
and is not specifically an indicator of prostatic or 
any other cancer. It is to be expected that specific 
metabolic conditions will be associated with an in- 
creased serum aldolase level. 


SUMMARY 
1. A method is presented for the quantitative 
determination of the activity of advanced pro- 
static cancer by the measurement of serum aldo- 
lase. Twelve of sixteen patients with proved, un- 
treated, advanced, prostatic cancer were found to 
have increased concentrations of serum aldolase. 


All but two of these patients responded to hor- 
monal therapy by a decrease to normal range of 
serum aldolase. Increased serum levels of this 
enzyme were usually maintained if hormonal ther- 
apy failed to produce cancer remission. This effect 
is apparently independent of the endocrine sys- 
tem, surgery, serum acid phosphatase, or nutri- 
tional status of the patient. 

2. There is no correlation between the concen- 
tration of serum aldolase and either the presence 
or the activity of early, nonmetastatic, prostatic 
cancer. 
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Strain Differences in Response to Estrone and the Induction 
of Mammary Gland, Adrenal, and Bladder 


Cancer in Rats 


W. F. Dunninc, M. R. Curtis, Anp A. SEGALOFF* 


(Department of Microbiology, Division of Research and Industry, University of Miami, Coral Gables, Fla.) 


Previous publications (9, 10) have shown that 
significant strain differences could be demon- 
strated in the response of rats to an effective mam- 
mary cancer-inducing dose of diethylstilbestrol. In 
later reports (6, 7) this difference in susceptibility 
to diethylstilbestrol was shown to be transmitted 
equally by both parental strains to their reciprocal 
F, hybrid progeny. One of the previous publica- 
tions (9) showed that the mode of administration 
of the hormone might be as important as the ac- 
tual dose of estrogen. The slow continuous absorp- 
tion of diethylstilbestrol from cholesterol pellets 
proved much more effective for the induction of 
mammary cancer than intermittently implanted 
pellets of much larger doses of crystalline diethyl- 
stilbestrol. The more or less contradictory results 
obtained by other investigators, such as the rela- 
tively low frequency of induced mammary cancer 
obtained by McEuen (20) and Eisen (11) and the 
high frequencies observed by Geschickter and 
Byrnes (15), Noble et al. (22), and Nelson (21), 
might be accounted for on the basis of strain dif- 
ferences of the hosts, the choice of estrogen, or the 
mode of application. 

The purpose of this experiment was to study the 
response of rats of four inbred strains to stimula- 
tion by subcutaneously implanted estrone pellets 
and to compare their response to that which re- 
sulted in rats of the same strains from stimulation 
by subcutaneously implanted cholesterol pellets 
containing similar doses of diethyl]stilbestrol. 


MATERIALS AND METHODS 


Pedigreed rats of August line 990, A X C line 
9935, Fischer line 344, and Copenhagen line 2331 
were used for this investigation. One or two es- 
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trone! pellets weighing 8—12 mg. were implanted in 
the subcutaneous tissues of the scapular region of 
the rats when they were 23-6 months of age. The 
hair was plucked from a three sq. cm. area of the 
lower back. The pellet was inserted by a nasal 
forceps through a skin incision in this area, and the 
incision was closed with a wire staple. 

The rats were weighed and inspected for mam- 
mary tumors every 2 weeks. They received the 
laboratory stock diet of Friskie Dog Pellets, sup- 
plemented by a green vegetable once a week and 
free access to water. At necropsy the pellet was 
removed and weighed. The post mortem examina- 
tion included a thorough inspection and descrip- 
tion of all macroscopic tumors and gross sectioning 
of mammary glands, thymus, liver, kidneys, adre- 
nals, urinary bladder, sex glands, and pituitary. 
Representative sections of each were preserved 
and examined microscopically. 


RESULTS 


The results are summarized briefly in Tables 1-6 
and shown graphically in Chart 1. Table 1 shows 
the number of rats of each of the four strains that 
survived for at least 150 days after the implanta- 
tion of a single estrone pellet, the average age and 
weight at the start of the experiment, the average 
amount of estrone absorbed, the average survival 
period, and the body weight and pituitary weight 
at death. Twenty-nine Fischer male and female 
rats absorbed, respectively, an average of 9.4 and 
9.6 mg. of estrone in an average of 572 and 578 
days, i.e., at an average daily rate of 0.016 and 
0.017 mg/rat. In the A X C strain, each of the 
30 males absorbed on the average 8.2 mg. in 515 
days at the average daily rate of 0.013 mg., and 
each of the 32 females absorbed an average of 7.5 
mg. in 535 days at an average daily rate of 0.014 
mg. Rats of the other two strains absorbed the 


1 Supplied through the courtesy of Dr. D. A. McGinty of 
Parke-Davis & Co. 
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STRAIN 
Copenhagen 
Copenhagen 
AXC 
AXC 
Fischer 
Fischer 
August 
August 


10% 10 AIO 


TABLE 2 


TABLE 1 


RATS OF EACH STRAIN THAT SURVIVED FOR AT LEAST 150 DAYS AFTER IM- 
PLANTATON OF A SINGLE ESTRONE PELLET 


Av. DOSE OF 


ESTRONE 


ABSORBED 


(mg.) 
5.0 


t 09 Ore 


MAMMARY CANCER INDUCED IN RATS 


WITH A SINGLE ESTRONE PELLET 


STRAIN 
Copenhagen 
Copenhagen 
AXC 
AXC 
Fischer 
Fischer 
August 
August 


x 


40 Q, 10 FA 40 


AT DEATH 
AT START Days Body Pituitary 
Age Body wt. TO wt. weight 
(days) (gm.) DEATH (gm.) (mg.) 
116 203 486 170 174 
119 154 377 146 136 
84 157 615 219 35 
82 127 535 161 84 
86 168 572 229 21 
85 132 578 173 24 
173 260 370 189 124 
165 183 319 187 120 
TABLE 3 


BLADDER CALCULI AND CANCER AND ADRENAL AND 
SPONTANEOUS TUMORS OBSERVED IN RATS 
TREATED WITH A SINGLE ESTRONE PELLET 


PER CENT LATENT Per 
RATS PERIOD Per Per Per cent 

No. BeaRING No. oF (DaYs) cent cent cent with 
RATS CANCER CANCERS Minimum Av. with with with spon- 
10 0 0 No. bladder bladder adrenal taneous 
9 0 0 Strain Sex rats calculi cancer tumors’ tumors 
500 Copenhagen 9 33 11 11 0 
9 AXC J 30 0 0 3 13 
29 10 5 488 603 AXC 9 39 0 0 6 12 
1 Fischer 2 29 0 0 3 17 
August of 25 16 4 36 0 

August 9 12 0 0 17 17 

TABLE 4 


RATS OF EACH STRAIN THAT SURVIVED FOR AT LEAST 150 DAYS AFTER SIMULTANEOUS 
IMPLANTATION OF TWO ESTRONE PELLETS 


STRAIN 
Copenhagen 
Copenhagen 
AXC 
AXC 
Fischer 
Fischer 


40 AQ, 40 AQ, 109 


TABLE 5 


AV. DOSE OF 
ESTRONE 
ABSORBED 


(mg.) 


MAMMARY CANCER INDUCED IN RATS 


WITH TWO ESTRONE PELLETS 


STRAIN Sex 
Copenhagen 
Copenhagen 9 
AXC of 
AXC 2 
Fischer 
Fischer 


PER 

CENT 

OF RATS No. oF 
No. BEARING’ CAN- 


RATS CANCER 
31 0 0 
26 0 0 
28 25 10 
28 18 9 
27 7 2 
19 16 3 


LATENT 
PERIOD 


cers Minimum Av. 


266 308 
195 218 
236 289 
146 175 


AT DEATH 
AT START Days Body Pituitary 
Age Body wt. TO wt. wt. 
(days) (gm.) DEATH (gm.) (mg.) 
102 191 444 157 181 
119 164 412 142 160 
127 204 304 165 280 
125 150 243 142 292 
146 201 269 186 259 
140 143 194 159 253 
TABLE 6 


BLADDER CALCULI AND CANCER AND ADRENAL AND 
SPONTANEOUS TUMORS OBSERVED IN RATS 
TREATED WITH TWO ESTRONE PELLETS 
PER CENT OF RATS WITH 
FOLLOWING LESIONS 


Adre- Spon- 
No. Bladder Bladder nal _ taneous 


STRAIN Sex RATS calculi cancer tumors tumors 
Copenhagen of 31 48 23 0 3 
Copenhagen e 26 19 15 0 8 
AXC of 28 25 7 0 8 
AXC ° 28 4 0 4 4 
Fischer fot 27 0 0 0 0 
Fischer Q 19 11 5 0 0 
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hormone at a somewhat slower rate. On the aver- 
age, the ten Copenhagen males each absorbed 5.0 
mg. in 486 days, and the nine females each ab- 
sorbed 3.4 mg. in 377 days. The daily rate of ab- 
sorption was, respectively, 0.010 and 0.009 mg. 
Each of the 25 August males absorbed an average 
of 3.5 mg. in 370 days at a daily rate of 0.009 mg., 
and each of twelve females absorbed 3.2 mg. in 319 
days at a daily rate of 0.010 mg. In spite of smaller 
average doses of estrone, the rats of the two latter 
strains had the larger average pituitary weights. 
The average pituitary weight for Copenhagen 
males was 174 mg. and for Copenhagen females, 
136 mg. The pituitaries averaged 120 mg. in Au- 
gust rats, only 35 mg. in A X C males, and 21 and 
24 mg., respectively, in Fischer male and female 
rats. 

Similar data are given in Table 4 for rats of 
three of these strains that received two pellets of 
estrone simultaneously. The Copenhagen rats of 
this series nearly doubled their absorption of es- 
trone without materially affecting their survival 
period or pituitary weight. Thirty-one Copen- 
hagen males absorbed an average of 9.4 mg. of 
estrone in an average of 444 days, while 26 Copen- 
hagen females absorbed an average of 7.7 mg. in 
an average of 412 days, 1.e., at the daily rate of 
0.021 and 0.019 mg/rat. The double dose of 
estrone more than halved the survival period of the 
rats of the two other strains and significantly in- 
creased their pituitary weights. Twenty-eight 
A XC male and female rats absorbed, respec- 
tively, 5.7 and 4.4 mg. of estrone in an average of 
304 and 243 days. Their average daily rate of ab- 
sorption was 0.019 and 0.018 mg. Their pituitaries 
averaged, respectively, 280 and 292 mg. Twenty- 
seven Fischer male and nineteen Fischer female 
rats absorbed 5.1 and 3.5 mg., respectively, in an 
average of 269 and 194 days, the daily rate of ab- 
sorption being 0.019 and 0.018 mg/rat from two 
simultaneously implanted pellets. Their pituitaries 
averaged 259 and 253 mg., compared to 21 and 24 
mg. for rats of the same strain in the series with 
single estrone pellets. 

Tables 2 and 5 show the percentage of rats of 
each group that developed mammary cancer, the 
number of cancers observed, and the minimum 
and average latent period. No mammary cancers 
were observed in Copenhagen rats of either series, 
while 4 (13 per cent) of the A X C male and 3 (9 
per cent) of the A X C female rats developed 
mammary cancer in an average of 518 and 347 
days, respectively, in the series that received one 
estrone pellet. Twice as many, or 25 and 18 per 
cent, respectively, of A X C male and female rats 
that received two estrone pellets developed mam- 


mary cancers, in an average of 308 and 218 days. 
Two Fischer male and three Fischer female rats of 
each series developed mammary cancers, but the 
latent period was considerably reduced for the 
tumors in the series that received the double dose 
of estrone. The average latent period for the in- 
duced tumors in Fischer males of the first series 
was 680 days, compared to 289 days for the tu- 
mors of the second series. In Fischer females the 
average latent period was 603 days and 175 days, 
respectively, for tumors of the two series. The 


% Male Female 


Aug AxC Fisher Copen Aug Ax C FisherCopen 


Moammory Carcinoma in Estrone treated rats 
CI % Mammary Carcinoma in Diethylistilbestrol treated rats 


Cuart 1.—Comparison of percentages of induced mam- 
mary cancers in male and female estrone- and diethylstil- 
bestrol-treated rats of four strains. Designations represent: 
August line 990, AXC line 9935, Fischer line 344, and Copen- 
hagen line 2331. 


highest percentage of induced mammary cancer 
was observed in rats of the August strain. Because 
these rats reacted unfavorably to a single pellet of 
estrone, none were treated with the double dose. 
Most of the treated August females died in less 
than 150 days after implantation of the pellet, but, 
of the twelve that survived, 5 (42 per cent) devel- 
oped mammary cancers. Among 25 August males, 
9 (36 per cent) developed mammary cancers. The 
average latent period was 385 days for tumors in 
males and 360 days for tumors in females. 

A total of 26 mammary cancers was observed in 
the nine tumor-bearing males of the August strain, 
and eight independent tumors were found in the 
two Fischer male tumor-bearers of the same series. 
However, multiple tumors were not so frequently 
encountered in these estrone-treated rats as has 
been previously reported for. diethylstilbestrol- 
treated rats of the same strains. The tumors of this 
series were classified as 84 papillary cyst adenocar- 
cinomas and four squamous-cell cancers. The four 
exceptional tumors were observed in an A X C 
male that received one estrone pellet, an A X C 
female, and a Fischer male and female that re- 
ceived two estrone pellets. 
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Chart 1 compares the percentage of induced 
mammary cancers in rats of the four strains that 
received one 8—12-mg. pellet of estrone with the 
previously observed (6, 9) percentage of induced 
mammary cancers in rats of the same strains that 
were treated with 4-15 mg. of diethylstilbestrol in 
cholesterol pellets. This chart shows that, for male 
rats of each strain, diethyistilbestrol is a much 
more effective cancer-inducing agent. This is also 
true for A X C female rats. Previous experiments 
(8) with A X C female rats on various synthetic 
diets indicate that they are nearly 100 per cent 
susceptible to the induction of diethylstilbestrol- 
induced mammary cancer. Two A X C rats and 
many of their F; hybrid progeny bearing trans- 
plants of the spontaneous functional ovarian tu- 
mor described by Iglesias, Sternberg, and Segaloff 
(17) developed primary mammary gland adeno- 
carcinomas in response to the mixture of estrone 
and estradiol produced by this tumor. The slow 
continuous absorption of a similar dose of estrone 
from the pellet, however, initiated only a small 
percentage of tumors. The larger dose of estrone 
increased the percentage of induced cancers but 
disproportionately reduced the survival period. 
August female rats succumbed rather early to the 
toxic effects of both hormones, but those that sur- 
vived long enough in both groups developed mam- 
mary cancers. 

Copenhagen rats proved to be as resistant to 
estrone-induced mammary cancer as they had 
been to diethylstilbestrol-induced mammary can- 
cer and equally susceptible to the formation of 
bladder calculi and cancer. Tables 3 and 6 show 
the percentage of rats of each group that devel- 
oped bladder calculi and cancer, adrenal tumors, 
and tumors of other locations. Seven of the ten 
Copenhagen males that received one estrone pellet 
had bladder calculi, and six of these had papillary 
or squamous-cell cancer of the bladder. Among the 
females, three had calculi, and one of these had a 
papillary carcinoma. Fifteen (48 per cent) of the 
Copenhagen males that received the double dose 
of estrone had bladder calculi, and seven of these 
had cancer of the bladder. Five (19 per cent) of the 
females of this group had bladder calculi, and can- 
cer was present in four. Bladder calculi or cancer 
were not so frequent in rats of the other strains, 
but calculi were observed in four August males 
that received one estrone pellet and in seven 
A X C males and one female and in two Fischer 
females that received two estrone pellets. Bladder 
cancer was present in one August male, two A X 
C males, and one Fischer female. This is not unlike 
the frequency of bladder calculi and cancer ob- 


served previously in diethylstilbestrol-treated rats 
of the same strains. 

Tumors of the adrenal cortex were also pre- 
viously reported (10) for rats of these strains that 
had been treated with diethylstilbestrol. These tu- 
mors were found to be most frequent in rats of the 
August strain. Nine (36 per cent) of the estrone- 
treated August males had adrenal tumors, and two 
were observed in the August females. One A X C 
male in each group, one Copenhagen female, one 
Fischer female, and two A X C females also had 
adrenal tumors. With one exception these tumors 
were classified as benign adenomas, although some 
others were probably malignant. The adrenal tu- 
mor that was found in a Copenhagen female 
showed metastases to the lungs and was classified 
as an adenocarcinoma. Morphologically, however, 
this tumor resembled the others. 

In some strains of mice, extreme hyperplasia of 
the adrenal cortex and adrenal cortical carcinomas 
result from gonadectomy (13, 24, 25) at birth or an 
early age, and these tumors can be prevented by 
the administration of estrogens (18, 26). Studies 
by Frantz and Kirshbaum (12) relative to the hor- 
monal secretions of the tumors, however, indicate 
that they may produce either estrogens or andro- 
gens or a mixture of both and that in some strains 
the complete withdrawal of gonadal endocrine se- 
cretion is not essential for the appearance of the 
tumors. Studies by Huseby and Bittner (16) based 
on the transplantation of adrenal tissue from dif- 
ferent inbred lines of mice into adrenalectomized, 
gonadectomized F; hybrids show that the respon- 
siveness of adrenal tissue to gonadectomy is prob- 
ably inherent in the adrenal tissue itself. 

Spontaneous adrenal cortical adenomas are rela- 
tively rare in rats of our colony, only four having 
been observed in 7,727 previously reported (3) un- 
treated rats over 19 months of age. One of these 
was found in a Copenhagen line 2331 rat, and none 
were observed in rats of the three other strains 
used in this experiment. During the two succeed- 
ing decades, thirteen additional adrenal tumors 
have been described. One was a carcinoma of the 
medulla, two were cortical carcinomas, and the 
others were probably benign adenomas of the cor- 
tex. Five were observed in A X C rats, three in 
Fischer rats, two in August rats, one in a Copen- 
hagen rat and two in hybrids of other strains. 
While adequate population data are not available 
in tabular form, the number of rats of tumor age 
would exceed 20,000. There seems little doubt that 
most of the seventeen adrenal tumors reported 
here and the 37 previously reported (6) resulted 
from excessive, exogenous estrogenic stimulation. 

Twenty-four of the rats had additional neo- 
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plastic diseases that were probably unrelated to 
the treatment. These included seven with lym- 
phatic leukemia and five with lymphosarcomas 
that arose in the lymph nodes of the illeo-colic 
mesentery. There was one rat with each of the fol- 
lowing tumors: squamous-cell carcinoma of the ear 
and cervix, papillary carcinoma of the cervix and 
ovary, fibrosarcoma of the uterus, leg, and lung, 
interstitial-cell carcinoma of the testis, adenoma of 
the kidney, fibroadenoma of the mammary gland, 
thymoma, and one squamous-cell cancer of unde- 
termined origin. The leukemias occurred, two each, 
in A X C male and female rats treated with one 
estrone pellet and in three Fischer females of the 
same series. The five lymphosarcomas were ob- 
served in a Fischer female, an A X C male and 
female with one pellet, and an A X C female and 
a Copenhagen female with two pellets. 

While estrogens appear to increase or accelerate 
the occurrence of lymphoid tumors (1, 2, 14, 23) in 
mice, and orchidectomy and adrenalectomy (19) 
increase the incidence of lymphoid leukemia in C58 
mice, there were probably no more lymphoid tu- 
mors reported in this series of rats than would be 
expected to occur spontaneously. There are no re- 
liable data on the occurrence of lymphoid leuke- 
mia in rats of this colony, but spontaneous tumors 
of the thymus are fairly frequent in rats of the 
Copenhagen strain, and lymphosarcomas of the 
mesenteric lymph nodes are the most frequent 
neoplasm observed in untreated rats of the Fischer 


and A X C strains (3-5). 


SUMMARY 


1. One hundred and seventy-six rats of four dif- 
ferent inbred strains survived a minimum of 150 
days after the implantation of an estrone pellet 
weighing 8-12 mg. in the subcutaneous tissues of 
the scapular region. 

2. One hundred and fifty-nine rats of three of 
the same inbred strains survived a minimum of 150 
days after the simultaneous implantation of two 
similar estrone pellets. 

3. Absorption of the hormone was more rapid 
from two pellets than from one, and in two of the 
three strains tested the survival period of the rats 
with two pellets was only about half as long as for 
rats of the same strain with one pellet. 

4. Mammary cancers developed in rats of three 
of the four inbred strains tested with one estrone 
pellet but not in so high a percentage of the rats as 
was observed for rats of the same strains treated 
with a similar dose of diethylstilbestrol. 

5. The minumum and average latent period for 
the induced mammary cancers was considerably 
shorter in the rats with two estrone pellets than in 


rats of the same strain with one estrone pellet. 
The percentage of rats with induced mammary 
cancers was increased by the larger dose of estrone 
in one strain but not in the other because of the 
shortened survival period. 

6. No mammary cancers were induced in rats 
of one strain by either dose of estrone. This was 
the same strain that proved to be resistant to the 
induction of mammary cancers by diethy]stil- 


bestrol. 


7. The induced mammary cancers were classi- 
fied as 84 papillary cyst adenocarcinomas and four 
squamous-cell cancers | 

8. Bladder calculi and cancer were a frequent 
finding in rats of the strain that proved to be re- 
sistant to the induction of mammary cancer and 
occurred in a small percentage of the estrone- 
treated rats of the strain with the highest percent- 
age of induced mammary cancer. Adrenal adeno- 
mas or cancer were most frequent in rats of the 
latter strain but occurred in a small percentage of 
the rats of each strain. 
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Enzymatic Deamination of 8-Azaguanine in Normal Human 


Brain and in Glioblastoma Multiforme’* 
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RAOUL SCHAFRANEK, AND J. LAWRENCE Poo. 


(Institute of Cancer Research and Departments of Biochemistry, Medicine, Surgery, and Neurological Surgery, 
Columbia University, College of Physicians and Surgeons, New York 32, N.Y.) 


In experimental cancer chemotherapy, attention 


has been focused for some time on the guanine 
analog, 8-azaguanine. Extensive tests in various 
laboratories have shown that this agent inhibits 
the growth of certain experimental neoplasms but 
fails to affect the growth of others. In a recent re- 
port from this laboratory (3), it was demonstrated 
that an enzyme, azaguanine deaminase, is present 
in normal and neoplastic tissues of mice and rab- 
bits which catalyzes the deamination of the tumor 
inhibitor, 8-azaguanine, to a completely inactive 
derivative, 8-azaxanthine. The rate of deamina- 
tion is significantly higher in homogenates of nor- 
mal tissues and of three azaguanine-resistant tu- 
mors than in homogenates of three of the four 
azaguanine-susceptible tumors which were stud- 
ied. It was postulated that enzymatic control of 
cellular levels of 8-azaguanine is an important fac- 
tor in the success or failure of tumor chemotherapy 
with this drug. 

Naturally, it was of interest to extend this in- 
vestigation to a suitable human tumor. In the 
course of a study of certain metabolic aspects of 
human brain tumors of the general type glioblasto- 
ma multiforme, it was observed that 8-azaguanine 
has an inhibitory effect on these tumor cells culti- 
vated in vitro, while 8-azaxanthine does not affect 
their growth and development in any way. The 
first section of the present report briefly sum- 
marizes the evidence upon which this conclusion 
was based; a fuller description of this and related 
findings is in preparation. In the second section of 
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this report, comparative analyses for azaguanine 
deaminase in homogenates of normal brain and 
glioblastoma are given, together with chromato- 
graphic evidence which highlights the relevance of 
these in vitro findings for the behavior of glioblas- 
toma cells in tissue culture in the presence of this 
carcinostatic agent. 


METHODS AND RESULTS 


TissuE CuLTURE EXPERIMENTS 


Materials and methods.—A 0.1 ™ stock solution of 8-aza- 
guanine” was prepared by heating a suspension of the solid in 
one-third the final volume of 0.5 n NaOH until a clear solution 
was obtained. This solution was then partially neutralized 
with 1N HC] and made up to volume. A stock solution of 
8-azaxanthine was prepared in the same way. The stock 
solutions were incorporated into the experimental feeding 
solutions so as to produce final concentrations of 0.002- 
0.005 m. A control solution containing NaOH alone at the 
concentration present in the 0.005 mM 8-azaguanine solution 
was included in each experiment. 

Glioblastoma specimens from fifteen different patients 
were tested in a series of tissue culture experiments with 
8-azaguanine. For normal tissue controls, it would have been 
ideal to use normal human adult glial tissue. However, be- 
cause of its relatively high content of intercellular material 
and the consequently slow and spotty character of its growth, 
and in view of the fact that it cannot be transferred from 
tubes to slides, its use for this purpose was not practical. In 
this series of experiments, therefore, the non-neoplastic tissue 
controls consisted of stock cultures of neuroglia from normal 
fetal brain, obtained at hysterotomy in approximately the 
third month of gestation, and carried in roller tubes until 
needed. The data to be presented indicate that this tissue 
does not constitute a true negative control, as far as the action 
of 8-azaguanine is concerned. 


General summary of results.—The detailed ob- 
servations on the two types of tissue will be pre- 
sented elsewhere.! The following conclusions were 
drawn from the entire series of experiments: (a) 
Concentrations of 8-azaguanine from 0.02 to 0.002 
M produced varying degrees of damage to tumor 
tissues and to fetal brain. (b) Only in the highest 


2 Kindly supplied by Dr. J. M. Ruegsegger of the Lederle 
Laboratories. 
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concentration were these effects exerted immedi- 
ately, and then only on the tumor tissues. The 
fetal glia usually exhibited a response to the drug 
at least 24 hours later than the tumors, were some- 
what less damaged at the same concentration of 
the agent, and made a better recovery after with- 
drawal when the exposure had not been sufficient 
to kill the cells. Concentrations of 0.01 m, 0.005 m, 
and 0.002 m came to be used routinely, with a 5— 
10-day period of exposure. 8-Azaguanine at 0.01 m 
was lethal in this period of time to most tumor 
tissues but was usually not completely lethal to 
the fetal glia. (c) The growth rate of the exposed 


TABLE 1 


ARRANGEMENT OF SLIDES OF TUMOR AND FETAL 
BRAIN IN A TYPICAL EXPERIMENT 
No. SLIDES IN EACH GROUP 


(2 explants to a slide) 
Glioblastoma Fetal brain 


Drug SUPPLEMENT 
TO FEEDING FLUID 


8-Azaguanine 
0.005 m 7 6 
0.002 m 7 6 
8-Azaxanthine 
0.005 m 7 6 
0.002 6 
Control(NaOH only) 7 6 
35slides= 30slides= 
70explants 60explants 


tissues seemed to influence their susceptibility to 
the inhibitor. The tumors used in these experi- 
ments included glioblastomas, astrocytomas, and 
spongioblastomas. Of these, the most rapidly 
growing tumors, whether of the glioblastoma or 
the astrocytoma type, were the most severely af- 
fected. Of the normal fetal brain tissues, oli- 
godendroglioblasts were the most prolific type, 
and these were also the most severely damaged. It 
appears, therefore, that the inhibitory effects of 8- 
azaguanine are exerted to the greatest extent on 
rapidly growing tissues, whether neoplastic or 
normal, and that the extent of the damage is 
roughly parallel to the growth rate. 

Detailed findings.—These observations may be 
illustrated by a description of the results of one 
experiment in which the action of 8-azaguanine 
and 8-azaxanthine on a glioblastoma and a sample 
of fetal brain was investigated. The tumor used in 
this experiment was a glioblastoma of type multi- 
forme (J. McG. 044, Unit No. 03-27-79, Feb. 28, 
1951), which produced in vitro a variety of cell 
types, including spindle-shaped spongioblasts, 
astroblasts, and some oligodendroblasts. Its 
growth rate, in the setting of all the glioblastomas 
with which we have had experience, would be 
classed as median. This tumor was carried as 


stock for 14 days in roller tubes handled according 
to the method of Gey and Gey (2). At the end of 
this time, it was explanted to slides, by an adapta- 
tion of the Maximow double coverslip method (5), 
with a basic medium composed of human placental 
serum, beef serum ultrafiltrate, chicken embryo 
extract, and chicken plasma, in which the drugs 
were incorporated at the time of explantation so as 
to be present in final concentrations of 0.005 m or 
0.002 m. 

The solutions remained in contact with the tis- 
sues for 7 days; during this time the cultures were 
washed once in isotonic saline (balanced and buf- 
fered) and exposed again to the same medium, 
from which only the plasma was omitted. The 
slides were observed daily at magnification X 300. 
At the end of this time, one-half the cultures were 
fixed and stained with Harris’s hematoxylin or 
with Mallory’s phosphotungstic acid hematoxylin. 
The other half were washed as before and re- 
turned to normal feeding solution, from which the 
drug was now omitted. A total of 35 tumor slides, 
each carrying two explants, were employed. 

The sample of fetal brain was explanted to 30 
slides with two explants each, which were handled 
at the same time and in the same manner as the 
tumor slides. Table 1 summarizes the arrange- 
ment of this typical experiment. 

The following findings were made: No damage 
was observed in any cultures except those exposed 
to 8-azaguanine. The series treated with 8-aza- 
xanthine exhibited growth which was at least as 
good as that of the controls, if not better, and 
showed no intracellular signs of damage. No ad- 
verse effect upon the tissues attributable to pH 
could be detected when these alkaline solutions 
were introduced into the culture medium, buffered 
as it was with serum; the agent did not precipitate 
out at these concentrations in this buffered me- 
dium. 

At the end of a 7-day exposure to 0.005 mo 8- 
azaguanine, cultures of this glioblastoma had re- 
sponded with (a) marked inhibition of migration 
from the explant (as compared to the extent of 
cellular migration in the untreated controls), (6) 
development of basophil cytoplasmic granules, (c) 
some nuclear damage (fragmentation, pyknosis, 
etc.), (d) inhibition of mitosis, and (e) rounding up 
of many cells which normally would be extended, 
and disintegration of some cells. Tumor cultures 
exposed to 0.002 m concentrations of the agent 
showed clear evidence of damage on all these five 
counts, but to a lesser degree than those exposed to 
0.005 m 8-azaguanine. 

Cultures of fetal brain exposed to the higher 
level of the drug were damaged in a similar manner 
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as the tumor cultures but in varying degrees, with 
explants from the parietal and temporal areas 
most severely affected and those from the medul- 
lary region responding only slightly to the drug. 
At the lower level, the same general changes took 
place, but with a lower peak of damage. 

After withdrawal of the experimental agents at 
the end of 7 days and the return of the cultures to 
normal feeding solutions, both fetal and neo- 
plastic tissues recovered completely; the tumor, 
however, required a distinctly longer time than the 
embryonic tissue to effect this complete recovery. 


HOMOGENATE EXPERIMENTS 


Materials and methods.—Tissues for the in vitro determina- 
tion of azaguanine deaminase activity were obtained directly 
from the operating rooms at Neurological or Psychiatric Insti- 
tute. Uniform precautions were taken to maintain all samples 
near 0° C. until they were transferred to a deep-freeze unit 
at —20° C. for storage. Preliminary experiments had shown 
that the activity of this enzyme after storage is the same as in 
fresh tissues. 

The tumors were all classified as glioblastoma multiforme. 
The non-neoplastic samples of human brain were obtained 
either from topectomies or from the excision of noncancerous 
areas of the brain required to reach the site of a glioblastoma. 

The procedure employed for the determination of azagua- 
nine deaminase activity in homogenates of these tissues 
has been described in detail (3). All activities were calculated 
on a Cell basis, as in the previous investigation. It should be 
pointed out that, while the glioblastomas yielded homogenates 
in which the number of nuclei could be determined in a re- 
producible and unequivocal way, the estimation of the nuclear 
count in homogenates of non-neoplastic samples of brain was 
somewhat less reliable, probably because of the high lipid 
content of these samples. 


Results.—The comparative azaguanine deami- 
nase activity of neoplastic and non-neoplastic 
samples of human brain is detailed in Table 2. 
None of the glioblastomas which have been stud- 
ied exhibited any measurable deaminase activity 
by this method. The values obtained on non-neo- 
plastic human brain are higher than those of nor- 
mal rabbit and mouse tissues (3); it may be re- 
called that in the mouse the highest activity was 
present in brain. These results show a very clear- 
cut and consistent difference between the two 
types of brain tissue: non-neoplastic tissue is 
capable of carrying out the conversion of 8- 
azaguanine to the inactive derivative, 8-azaxan- 
thine, at a very appreciable rate, while the glio- 
blastomas are entirely deficient in this “‘detoxify- 
ing’’ mechanism. 

It has not been possible thus far to obtain a suf- 
ficiently large sample of human fetal brain to sub- 
ject it to this type of analysis. 


EXPERIMENTS WITH FILTER PAPER CHROMATOGRAPHY 


The data demonstrating the inhibitory effect of 
8-azaguanine and the lack of activity of 8-azaxan- 


thine on human glioblastomas were obtained in 
tissue culture. The information on the compara- 
tive azaguanine deaminase activity of non-neo- 
plastic human brain and glioblastoma was gath- 
ered by homogenizing tissues made available di- 
rectly from the operating room. It was of im- 
portance to correlate these findings and to deter- 
mine whether the results obtained in homogenates 
had any relevance to the metabolism of 8-aza- 
guanine in tissue culture. 

For this purpose, feeding fluids which had 
bathed the explants for several days and which 
originally contained 8-azaguanine at a concentra- 


TABLE 2 


AZAGUANINE DEAMINASE ACTIVITY OF NON- 
NEOPLASTIC HUMAN BRAIN AND GLIO- 
BLASTOMA MULTIFORME 


AZAGUANINE 
DEAMINASE RATE 
(NH3-N/hour/ 
PATIENT D1aGNosis 10° cells) 
S. B. Normal brain* 5.8 
A. T. Normal brain* 12.6 
7. Noncancerous areat > 4.8 
K. H. Noncancerous areat 6.0 
L. S. Glioblastoma 0§ 
R. A. Glioblastomat 0 
R. A. Glioblastoma tf 0 
F. C. Glioblastoma 0 
H. K. Glioblastoma 0 
H. B. Glioblastoma 0 


* Obtained at topectomy. 

t Removed to provide access to a glioblastoma. 
t Two areas of the same tumor. 

§ No measurable deamination in 120 minutes. 


tion of 0.005 m were subjected to analysis for 8- 
azaguanine and 8-azaxanthine by filter paper 
chromatography (cf. 1). 

Materials and methods.—After incubation, the 
feeding fluids were removed from the explants and 
stored in the frozen state at — 20°C. until needed. 
After thawing, small amounts of the fluids, usually 
50 yl., were dispensed in 10—yl. portions with inter- 
mittent drying onto filter paper strips (Whatman 
No. 1,3 X 42 cm.) by means of a “Gilmont Ultra- 
microburet” (E. Greiner & Co.). The strips were 
then subjected to descending paper partition chro- 
matography in a closed system, using an n-buta- 
nol, diethylene glycol, 0.1 N HC] solvent system 
(4:1:1). The separation of 8-azaguanine and 8- 
azaxanthine was usually complete in 16 hours. 

After chromatography, the two compounds 
were located on the still moist paper strips by 
means of a ‘‘Mineralight Lamp” (short-wave ul- 
traviolet model SL 2537, Ultra-Violet Products, 
Inc., Calif.). Under the light from this lamp, the 
spots corresponding to 8-azaguanine and 8- 
azaxanthine appeared as fluorescent areas against 
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a less strongly fluorescent background. The R, 
values for the two compounds were identical with 
the values previously published (4, 6). After dry- 
ing, the separated zones were cut and extracted 
with 4-ml. portions of 0.1 N HCI for 24 hours at 
C. 

Feeding fluids without 8-azaguanine, incubated 
simultaneously with explants of the same tissue 
and then chromatographed in an identical manner, 
served as blank zones. These zones, after extrac- 
tion with 0.1 n HCl, provided the necessary blank 
solutions for ultraviolet spectroscopy. The pre- 
viously published principles for the separation and 
estimation of micro-amounts of purines and pyrim- 
idines were applied with some modification to 
the spectroscopic analysis of these extracts in a 
Beckman quartz spectrophotometer. A solution 
containing known amounts of 8-azaguanine and 8- 
azaxanthine was chromatographed as part of each 
experiment. The ultraviolet absorption spectra of 
both compounds after isolation from the feeding 
fluids were routinely checked and found to be 
identical with those of the standard solutions. 

The subsequent computations were based on 
the differences (A) between the extinction (E) ata 
maximum (250 muy for 8-azaguanine and 265 mu 
for 8-azaxanthine in 0.1 N HCl) and the extinction 
at 295 mu. These AE values were then compared 
to the AE values obtained for the corresponding 
standards. 


Evaluation of the method.—In eight experiments, the AE 
values obtained after chromatography and extraction of 
standard solutions containing 10 ug/ml of 8-azaguanine and 
8-azaxanthine, respectively, were as follows: 


8-azaguanine A,”""* = 0.380 + a.d. 0.018° 
8-azaxanthine Avon, = 0.230 + a.d. 0.025 


In four experiments, known amounts of 8-azaguanine and 
8-azaxanthine were added to feeding fluids which had not 
contained 8-azaguanine throughout the experiment. The re- 
coveries of these substances after paper partition chromatog- 
raphy of this test system were essentially quantitative (109 
per cent for 8-azaxanthine and 99 per cent for 8-azaguanine). 

Since a known amount of 8-azaguanine was included in the 
feeding fluids at the beginning of each tissue culture experi- 
ment, it was possible to assess the completeness of recovery of 
this drug either as unchanged 8-azaguanine or 8-azaxanthine 
by adding the levels of the two compounds estimated at the 
end of the incubation period. In a total of 22 experiments, the 
average recovery of the drug in terms of the sum of these two 
compounds averaged 98 + a.d. 19 per cent. This finding 
demonstrated that 8-azaguanine in tissue culture with ex- 
plants of these tissues was subject essentially to a single 
metabolic reaction, viz., deamination to 8-azaxanthine. 


250mu . 4. 
’The expression A ™* indicates the difference in ex- 


my 
tinction between these two wavelengths. These standard solu- 
tions were read against extracts of an absolute paper blank 
which had been subjected to chromatography. 


Results.—Three samples of glioblastoma and 
two samples of human fetal brain were incubated 
with feeding fluids in tissue culture for 1-2 weeks; 
the feeding fluid was renewed every 3—4 days, and 
all the consecutive feeding fluids were subjected to 
chromatographic analysis. Table 3 summarizes 
the results obtained with the tumors, and Table 4 
the findings with fetal brain. 


TABLE 3 


DEAMINATION OF 8-AZAGUANINE BY GLIO- 
BLASTOMA IN TISSUE CULTURE 


8-AZAGUANINE RE- 


INCUBATION MAINING AFTER 

SAMPLE PERIOD INCUBATION 

(Hours) (Per cent)* 
1 48 91 
72 81 
Qt 72 87 
72 74 
72 73 
96 74 
3Tt 72 54 
72 48 
96 38 


* Per cent 8-azaguanine remaining = [um 8-azaguanine/ 
(um 8-azaguanine + yum 8-azaxanthine)] 100. 

pg. 8-azaguanine/ml extract = (AE/0.380) X 10.0; 
Me. 8-azaxanthine/ml extract = (AE/0.230) X 10.0 where 
AE is the difference in extinction between 250 or 265 my, 
respectively, and 295 my. Since each spot is extracted with 
4.0 ml of 0.1 n HCl, each of the above values, when multi- 
plied by 4, gives the total amount of the compound per spot. 

Tt Samples 2 and 8 are portions of tumors also assayed 
for azaguanine deaminase by the homogenate technic; they 
ce to the last two entries in Table 2 (H. K. and 


t Much less severely damaged by 8-azaguanine than 
samples 1 and 2. 


TABLE 4 


DEAMINATION OF 8-AZAGUANINE BY FETAL 
BRAIN IN TISSUE CULTURE 


8-AZAGUANINE RE- 


INCUBATION MAINING AFTER 
SAMPLE PERIOD INCUBATION 
(Hours) (Per Cent)* 
1 72 28 
72 21 
96 3 
g 16 85 
24 79 
48 56 
72 42 


* Per cent 8-azaguanine remaining = [um 8-azaguanine / 
(um 8-azaguanine um 8-azaxanthine)] 100. 


It may be seen that in the first two samples of 
glioblastoma, which exhibited the typical severe 
damage caused by incubation with 8-azaguanine, 
very small amounts of this agent were converted 
to the inactive derivative in 48-96 hours. The 
third glioblastoma, which was not so severely 
damaged, was able to inactivate a larger propor- 
tion of the drug. Fetal brain, which was less af- 
fected by 8-azaguanine and which recovered much 
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more rapidly and completely, brought about the 
deamination of almost the entire amount of the 
agent in 72-96 hours; the second experiment in 
Table 4 demonstrates that this amount of deami- 
nation actually required at least a 3-day period. 

In view of these lengthy incubation periods, it 
is evident that the rate of deamination of 8-aza- 
guanine in tissue culture per hour in all these ex- 
periments is very small. While fetal brain brings 
about an appreciably more rapid deamination 
than glioblastoma, the activity of both tissues is 
negligible when compared to the rate of deamina- 
tion of 8-azaguanine in homogenates of non-neo- 
plastic adult brain. The virtual absence of any 
azaguanine deaminase activity from homogenates 
of glioblastoma (cf. Table 2) is thus confirmed by 
the results obtained with the much more sensitive 
chromatographic procedure. 


DISCUSSION 


These findings support and extend the conclu- 
sions reached previously on the significance of 
azaguanine deaminase for the response of animal 
tumors to the drug (3). In the present instance, a 
human tumor has been shown to be severely dam- 
aged by 8-azaguanine, but not at all by 8-azaxan- 
thine, in tissue culture; this tissue is unable to in- 
activate the carcinostatic agent at an appreciable 
rate. Fetal brain, which is somewhat less severely 
affected by 8-azaguanine in tissue culture, is some- 
what better able to carry out this inactivation. 
Adult human brain, which could not be tested in 
tissue culture, exhibits the highest azaguanine 
deaminase activity of any animal tissue studied so 
far, and may be expected to be relatively immune 
to damage by this agent. 

This set of circumstances may appear to be very 
favorable to the clinical application of this drug to 
the treatment of human glioblastoma multiforme. 
However, it must be pointed out that the absence 
of azaguanine deaminase activity from this tissue 
is not the only, and probably not the main, factor 
which controls the level of the drug which can 
reach the tumor cells in vivo. The high rate of 
deamination of 8-azaguanine in non-neoplastic 
adult brain and the probable extensive deamina- 
tion of the agent by other normal tissues and body 
fluids (cf. 1, 3) may be expected to decrease the 
circulating level of the drug to a significant degree. 
Experiments are now in progress to assess this cir- 
culating level of 8-azaguanine in patients treated 
with this drug on an experimental basis. 

It should also be stressed that the damaging ef- 
fects of 8-azaguanine on glioblastoma cells have 


until now been demonstrated only in tissue cul- 
ture, where the manifold complicating systemic 
factors do not come into play. 

Despite these reservations, it is felt that the 
close correlation between the degree of damage of 
a tissue by 8-azaguanine and the rate of inactiva- 
tion of the drug by the cells of this tissue provides 
a suitable starting point for approaches to a more 
efficient use of this agent in experimental cancer 
chemotherapy. 


SUMMARY 

1. The human brain tumor, glioblastoma multi- 
forme, when grown in tissue culture, is severely 
damaged by exposure to 8-azaguanine. 

2. Fetal human brain, the only available non- 
neoplastic control for tissue culture experiments, is 
less severely damaged by exposure to this agent 
and recovers more rapidly and more completely 
when the agent is removed. 

3. 8-Azaxanthine, the end product of the enzy- 
matic deamination of 8-azaguanine, causes no 
damage of any kind to either of these tissues in 
tissue culture. 

4. Homogenates of glioblastoma are devoid of 
measurableazaguaninedeaminase activity ; homog- 
enates of non-neoplastic adult brain exhibit the 
hizhest deaminase activity of any animal tissue 
which has been studied. 

5. Chromatographic analysis of feeding fluids 
after incubation with glioblastoma explants in tis- 
sue culture confirms the virtual absence of aza- 
guanine deaminase activity from the cells of this 
tissue. Fetal brain is somewhat better able to carry 
out the deamination of this agent, but even this 
slightly greater deaminase activity is very small 
when compared to the activity of adult human 
brain. 
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The Combined Effects of Cortisone and Roentgen Radiation. 


upon Natural and Induced Resistance to Homoiotransplan- 
tation of Mouse Leukemia, Line I,” 


A. A. Werper,f JACK FriEpMAN,{ E. C. MacDoweELtL,§ J. T. Syvertont 


(Department of Bacteriology and Immunology, University of Minnesota, Department of Radiology, University of Minnesota 
and Mt. Sinai Hospital, Minneapolis, Minn., and the Department of Genetics, Carnegie Institution of Washington 
Cold Spring Harbor, Long Island, N.Y.) 


The complex interrelationship of genetic and 
nongenetic factors determining spontaneous, in- 
duced, and transplantable rodent leukemias has 
been ably reviewed by Richter and MacDowell 
(24), by Furth (5), and by Kirschbaum (12). It is 
pointed out (5, 12, 24) that the genetic constitu- 
tion of the host limits the transmissibility of leu- 
kemic cells to the mouse strain of origin and to F, 
hybrids. X-radiation to date has constituted a 
unique means for rendering an otherwise resistant 
host of foreign species (21) or strain (22) receptive 
to the transplantation of mouse leukemic tissue. 
When it was learned in this laboratory (37) that 
the preparation of resistant mice by prior treat- 
ment with an adrenocortical steroid hormone, cor- 
tisone, likewise may make possible homoiotrans- 
plantation of mouse leukemia, experimental stud- 
ies were continued to learn the effect of cortisone 
and x-radiation, singly and in combination, upon 
the transmissibility of lymphoid leukemia, line I,, 
to mice of resistant strains. The evidence to be pre- 
sented in this report indicates (a) that cortisone 
and x-radiation when employed singly may make 
naturally resistant mice susceptible to a foreign 
line of leukemia; (6) that prior treatment by these 
two agents in combination results in a synergistic 
effect to render resistant mice susceptible to the 
test line of leukemia; (c) that mice actively im- 
munized by an injection of leukemic cells may ac- 
quire by specific immunization a protective mecha- 
nism more resistant to the alterative effects of cor- 
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tisone and x-radiation than the innate resistance 
naturally provided by genetic constitution. 


MATERIALS AND METHODS 


Leukemic cells.—Leukemic cells representative of lymphoid 
leukemia, line I,,'! were employed, because the factors that de- 
termine the success of the transplantation of this line of leu- 
kemia have been carefully assessed by MacDowell and his 
associates (14, 16). This line of leukemia originated spontane- 
ously in an inbred strain of mouse designated as C58 (17). It 
has been maintained by serial transmission and studied over 
many years in the laboratory of one of the authors (E. C. 
MacD.). For control purposes, nonleukemic splenic tissue from 
strain C58 mice was employed. 

Mice.—Five strains of mice were utilized in this investiga- 
tion: (a) the naturally susceptible C58 strain of inbred mouse 
served as host to maintain by serial transmission line 1, leu- 
kemic cells and to test for transmissibility the cellular suspen- 
sions from test resistant mice; (b) the Bagg albino (BALB), 
an inbred strain from MacDowell’s colony; (c) Strong 
A, an inbred strain; (d) a stock strain of Swiss albino mouse, 
the CFW strain; and, finally, (e) an inbred strain, Storrs-Little 
(STOLI. 

Preparation of cellular suspension.—Splenic tissue provided 
cells for transplantation and for immunization. Immediately 
upon removal the whole spleen was minced with scissors, 
suspended in 2.3 ml. of 0.85 per cent NaCl per gram of tissue 
and filtered through four layers of Brunswick gauze to remove 
large clumps of cells. The cells in suspension were counted with 
the aid of a Levy-Hausser counting chamber to provide by 
dilution a constant number of cells for each injection. The 
suspension was kept in uniform concentration by mixing con- 
tinuously. The injection (0.1 ml.) was made intraperitoneally. 
An inoculum of 500 cells proved uniformly lethal for the con- 
trol mice. | 

Preparation of test mice.—Test mice of the resistant strains 
were prepared by treatment with cortisone and/or x-radiation 
prior to injection with leukemic cells. 

X-radiation was administered 24 hours before the injection 
of leukemic cells as a single massive dose to the whole body at a 
target skin distance of 60 cm. The mice in groups of three were 
kept during irradiation in paper cartons measuring 8.5 cm. in 
diameter by 10 cm. in height. The dosage ranged from 100 r to 
400 r, 300 r being used most commonly. The roentgen rays 
were generated by a current of 15 m. amp. having a 250 kv. 
peak. They were filtered through 0.5 mm. of Cu and 1.0 mm. 


1 Line I,: The subscript indicates freedom from a virus 
which had contaminated this line for a period of years (33). 
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of Al. The half value layer was 1.35 mm. of Cu. The size of the 
field was 14.0 cm. in diameter. The output, as determined by a 
Victoreen r-meter, was 41.5 r/minute in air. 

Cortisone acetate (Cortone-Merck) brand of 11-dehydro- 
17-hydroxycorticosterone-21l-acetate, 25 mg/ml, was em- 
ployed directly or by diluting it in saline to provide a concen- 
tration of 1.0 mg/0.1 ml, for injection subcutaneously. The 
dosage was a single injection of either 0.35 mg. or 2.0 mg., or of 
seven successive injections, 0.05 mg. daily, for a total of 0.35 
mg. 
Examination of mice.-—Each mouse was examined daily to 
determine whether its spleen or lymph nodes were palpable. 
When enlarged, these are readily palpated by the experienced 
examiner. At autopsy the diagnosis of leukemia was further 
established by transfer of pooled splenic tissue to susceptible 
C58 strain mice. 


RESULTS 


Effect of x-radiation upon the transmissibility of 
line Iy leukemia.—Pilot control experiments (Se- 
ries A) with stock Swiss albino mice were carried 
out to determine the approximate dosage of irradi- 
ation to be used. Whole-body x-radiation in a 
dosage range of from 100 r to 400 r was given, fol- 
lowed 24 hours later by the injection of leukemic 
cells. The mice were observed daily over a period 
of 30 days; the results are presented in Table 1. 


TABLE 1 


THE EFFECT OF GRADED MASSIVE DOSES OF 
ROENTGEN RADIATION UPON THE SUS- 
CEPTIBILITY OF STOCK SWISS MICE, CF W 
STRAIN, TO MOUSE LEUKEMIA, LINE I, 


Whole-body Mice inoculated 

radiation with Control mice, 

(r units) leukemic cells* x-radiation only 
100 8/107 10/10 
200 4/10 10/10 
300 0/14 10/10 
400 0/14 9/10 
None 20/20 


* Transfer numbers 10 and 11. 


t The denominator signifies the number of test mice; the 
numerator, the number of survivors. 


All the mice in the control group (Table 1) that 
received only x-radiation survived for 30 days, ex- 
cept for a single mouse in the group that was given 
400 r. The second control group, consisting of the 
animals that received leukemic cells without irra- 
diation, all survived. In contrast to these findings, 
death resulted in all 28 recipient mice when leu- 
kemic cells were injected within 24 hours of a 
single dose of x-radiation (either 300 r or 400 r). 
Moreover, leukemic cells in combination with 
lesser doses of x-radiation resulted in death of six 
of the ten animals that received 200 r and two of 
the ten that received 100 r. The diagnosis of leuke- 
mia in each dead test mouse was established at 
autopsy by its greatly enlarged spleen and in se- 
lected cases by the production of leukemia after 
injection of spleen cell suspensions in C58 mice. 


The results of these experiments led to a second 
series of experiments (Series B) in which a single 
dose of 300 r was given to two inbred strains 
of mice, BALB and A, and to the Swiss albino 
stock strain. The data are presented in Table 2. 

It is evident from Table 2 that x-radiation of the 
whole body in a single dose of 300 r served effec- 
tively to break down the resistance of the host as 
evidenced by the growth of leukemic homoiografts 
in mice of two unrelated inbred strains and of one 


TABLE 2 


THE EFFECT OF A SINGLE DOSE OF ROENTGEN RADIA- 
TION, 300 r, UPON THE SUSCEPTIBILITY OF THREE RE- 
SISTANT INBRED STRAINS OF MICE TO MOUSE LEU- 
KEMIA, LINE I, 


PREPARATION OF ANIMALS 


Roentgen radiation Leukemic Roentgen 
STRAIN OF TEST and cells radiation 
MICE EMPLOYED leukemic cells* only only 
BALB 0 /20T 9.7] 10/10 10/10 
Strong A 0/20 8.6 10/10 10/10 
Swiss albino, 0/20 10.2 10/10 10/10 


CFW strain 
* Transfer numbers 10, 11, 13. 


t The denominator signifies the number of test mice; the numerator, the 
number of survivors. 


t Average time to death measured in days. 


stock strain. In contrast to death from leukemia of 
the 60 test mice, the 60 mice in the two control 
groups survived the injection of leukemic cells, or 
treatment by x-radiation, 300 r, when given singly. 
The results of these two experiments provided 
ample evidence for the ability of roentgen radia- 
tion to overcome the natural innate resistance of 
the test mice to line I, leukemia and thereby con- 
firmed the findings of earlier workers that roentgen 
radiation makes possible cross-strain transplanta- 
tion of mouse leukemia to resistant strains of mice. 

These findings led to experiments to learn 
whether a totally dissimilar agent, cortisone ace- 
tate, which has been shown to alter host resistance 
to a variety of infectious agents (1, 3, 4, 6, 7, 9-11, 
19, 20, 23, 25-32, 35, 36, 38, 39), may operate simi- 
larly to render resistant mice susceptible to the 
test line of leukemic cell. 

Effect of cortisone upon the transmissibility of 
Line I, leukemia.—It was the known adverse ef- 
fect of cortisone upon host resistance that led to its 
employment (37) for the treatment of normally 
resistant mice in attempts to homoiotransplant a 
line of leukemic cells of established characteristics. 
Two series of experiments (Series C and D) were 
carried out. These two series differed in the num- 
ber of injections of cortisone that were employed. 
Moreover, the second series of experiments (Series 
(D was planned with the dual purpose of establish- 
ing by confirmation the results of the first series 
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and to serve as a control in measuring the effects of 
cortisone and x-radiation in combination upon the 
host’s resistance to the transplantability of the 
leukemic cells. The findings of the experiments in 
Series C are presented in Table 3. 

The data in Table 3 for Series C show that death 
from leukemia resulted for all BALB test mice and 
for a third of the stock Swiss albino mice which had 
been prepared by treatment with cortisone prior to 
the injection of the test dose of leukemic cells. 
Contrariwise, the A mice survived the injections of 
cortisone and leukemic cells, as did the control 
group of mice that received cortisone only. These 
results were interpreted to mean that cortisone in 


TABLE 3 


THE EFFECT OF CORTISONE ACETATE UPON THE SUS- 
CEPTIBILITY OF THREE RESISTANT STRAINS 
OF MICE TO MOUSE LEUKEMIA, LINE I, 


PREPARATION OF ANIMALS 


STRAIN OF Cortisone* 

TEST MICE and Leukemic Cortisone 
EMPLOYED leukemic cellst cells only only 
BALB 0/15t 9.8§ 10/10 10/10 
Strong A 12/12 S 10/10 § 10/10 § 
Swiss albino, 13/18 11.6 20/20 § 20/20 § 


CFW strain 


* The cortisone acetate, 0.05 mg., was injected subcutaneously on 7 suc- 
cessive days for a total dose of 0.35 mg. 

t Transfer numbers 10, 11, 15. 

t The denominator signifies the number of test mice; the numerator, the 
number of survivors. 

§ Average time to death measured in days; “‘S’’ signifies 100 per cent 
survival. 


the dosage employed was responsible for rendering 
susceptible to transplantable leukemia an other- 
wise resistant mouse, the BALB inbred strain. 
However, cortisone in the same dosage was ineffec- 
tive in altering the resistance of mice of another 
resistant inbred strain, the A. 

Effect of cortisone and x-radiation in combination 
upon the transmissibility of line IT, leukemia.— 
When it was learned from these findings that either 
of two agents, x-radiation and cortisone, may alter 
the inherent resistance of mice to a homoiotrans- 
plantable tumor, the experiments in Series D were 
planned to investigate the effect upon the natural 
resistance of mice to line I, leukemia (a) of x-radia- 
tion and cortisone in combination by administer- 
ing whole-body irradiation 24 hours prior to the 
transplantation of leukemic tissue and by the in- 
jection of cortisone 2 hours before; and (6) of cor- 
tisone in dosages of 2.0 mg. and 0.35 mg. given as a 
single injection and in a total dosage of 0.35 mg. 
when injected as 0.05 mg., at daily intervals. The 
latter regimen was carried out in an attempt to as- 
sess for comparative response a single dose and 
multiple small doses of 0.05 mg. (Table 3). Finally, 
the experiments in Series D were planned in antici- 


pation of additional data which would be em- 
ployed to establish and to confirm the earlier ex- 
periments. An inadequate supply of A mice led to 
the use of the inbred STOLI strain of mice in- 
stead of the A, as in earlier experiments. This re- 
placement of A mice by STOLI mice, another in- 
bred strain that is uniformly resistant to trans- 
plantation of line I, leukemic cells,? resulted in the 
findings that are presented in Table 4. 

The resistance of the three groups of test mice 
was established by the failure of the test dose of 
leukemic cells to result in leukemia (Group 6). For 
comparison with the results that were obtained in 
the preceding series of experiments, it is of interest 
that 2.0 mg. of cortisone, in a single injection 2 
hours before the transplantation of line I, leuke- 
mia, resulted (Group 4) in leukemia for all fifteen 
BALB mice, three of ten STOLI mice, and ten of 
twenty Swiss stock mice. On the other hand, of the 
mice that received leukemic cells and 0.35 mg. of 
cortisone in a single dose (Group 5), the occurrence 
of leukemia was limited to six of the fifteen BALB; 
it did not occur in the STOLI and Swiss mice. It 
appears that cortisone, in a dosage of 2.0 mg. 
(Group 4), is as effective as x-radiation in a dosage 
of 200 r (Group 3) as a means for breaking down 
innate resistance. 

The salient finding of this series of experiments 
was the enhancive or synergistic effect brought 
about by the concomitant utilization of cortisone 
and x-radiation as agents for altering natural re- 
sistance. This effect is clearly shown by the data 
that relate to each of the three test resistant strains 
of mice (see Groups 1 and 2). It will be noted in 
Chart 1 that all 90 test mice died of leukemia and 
that the average interval to death ranged from 3.0 
to 5.2 days, in contrast to an average interval to 
death of from 10.1 to 15.5 days for the mice that 
succumbed to leukemia following treatment by 
either cortisone or x-radiation alone. 

Tests in confirmation of the diagnosis of leuke- 
mia, line I,, for this series of experiments were car- 
ried out by the selection at random of spleens from 
moribund mice for transplantation both to mice of 
the susceptible C58 strain and to mice of the same 
resistant strain from which each spleen had been 
excised. It was found that the injection of the har- 
vested leukemic cells resulted in death from leuke- 
mia for all C58 mice and in no evidence for disease 
in mice of resistant strains. 

The ability of artificially induced active immunity 


2 The supposed susceptibility of STOLI to line I leukemia 
during a certain period (14, 15) has proved to have been de- 
pendent upon very high susceptibility to the contaminating 
virus and not upon any change in the resistance to line I as 
such. 
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to modify the alterative effects of cortisone and x- 
radiation upon host resistance.—When it was 
learned from the foregoing experiments that cor- 
tisone and x-radiation, singly and in combination, 
exerted a deterimental effect upon host resistance, 
it seemed probable that the complex, naturally oc- 
curring mechanism commonly referred to as nat- 
ural or innate resistance had been affected ad- 
versely. The rapid development in treated mice of 
leukemia which caused death in from 3 to 5 days 
made unlikely a significant role for actively ac- 
quired immunity. Nevertheless, experiments were 
designed (Series E) to assess the effect of arti- 
ficially induced active immunization. The results 
were contrary to expectations. 


Groups of three resistant strains of mice 
(BALB, A, and stock Swiss) were immunized over 
a period of 3 weeks by three injections intraperi- 
toneally of line I, leukemic splenic tissue from C58 
mice. The dosage employed consisted of 1.0 gm. of 
minced splenic tissue. It thereby became possible 
to superimpose an artificially induced active im- 
munity upon the pre-existing natural or innate re- 
sistance. The mice in the control groups received 
the same amount of splenic tissue from normal 
C58 mice. The test and control mice were sub- 
jected to cortisone or whole-body radiation, or 
both, 7 days after the third immunizing dose of tis- 
sue had been injected. The data that relate to the 
dosages of cortisone and x-radiation, the number 


TABLE 4 


THE EFFECTS OF CORTISONE ACETATE AND ROENTGEN RADIATION EMPLOYED IN 
COMBINATION AND INDEPENDENTLY UPON THE SUSCEPTIBILITY OF THREE RE- 
SISTANT STRAINS OF MICE TO MOUSE LEUKEMIA, LINE I, 


EXPERIMENTAL Groups* 


Group 1 Group 2 Group 83 Group 4 Group 5 
X-ray (r units) 200 200 200 None None Group 
Cortisone (mg.) 2.0 0.35 None 2.0 0.35 6-control 
Strain of Mice 
BALB 0/15t 3.8f 0/15 4.9 3/15 12.5 0/15 11.2 9/15 14.0 20/20 § 
STOLI 0/10 4.1 0/10 5.2 6/10 15.5 3/10 14.2 10/10 S 20/20 SS 
Swiss aodino 0/20 3.0 0/20 4.2 6/20 13.4 10/20 10.1 20/20 S 20/20 SS 


* Transfer numbers 10, 11, 32, 33. 


t The denominator signifies the number of mice; the numerator, the number of survivors. 
t Average time to death measured in days; “‘S’’ signifies 100 per cent survival. 


NUMBER OF MICE 


EAN SURVIVAL TIME (DAYS) 
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X-RAY (r) 200 200 200 — _ Leukemic 
CORT.(mg) 2.0 0.35 — 2.0 0.35 SOUS OMY 


M.S.T. (DAYS) 


UMBER OF MICE 


zO 
X-RAY (r) 200 2 00 
CORT. (mg.) 2.0 0.35 — 2.0 0.35 


Cuart 1.—The effects of cortisone acetate and roentgen 
tadiation employed in combination and independently upon 
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of mice, and the findings are contained in Table 5. 

It may be noted in Table 5 and in Chart 2 that of 
the 45 BALB mice which had been immunized with 
leukemic splenic tissue, 38 survived. These results 
are totally different from the groups of BALB mice 
that received for immunization normal splenic tis- 
sue, since death from leukemia resulted for 44 of 45 
in this group. The protective effect of active im- 
munization against the otherwise detrimental effect 
of cortisone and x-radiation was similarly in evi- 
dence both for A mice and for the Swiss stock strain. 


TABLE 5 


THE EFFECTS OF CORTISONE ACETATE AND ROENTGEN 
RADIATION EMPLOYED IN COMBINATION AND INDE- 
PENDENTLY UPON THE SUSCEPTIBILITY OF THREE RE- 
SISTANT STRAINS OF MICE TO MOUSE LEUKEMIA, 
LINE I,, AFTER PREVIOUS IMMUNIZATION WITH HOMOL- 


OGOUS CELLS 
PREPARATION OF TEST 
ANIMALS BY ACTIVE 


IMMUNIZATION 


TREATMENT EMPLOYING 

AND DOSE Leukemic Normal 

STRAIN OF TEST X-ray Cortisone splenic splenic 

MICE EMPLOYED (r units) (mg.) tissue tissue 
BALB 200 0.35 11/15*f 0/15 
300 14/15 0/15 

0.35 13/15 1/15 

200 0.35 12/15 0/15 

A 300 8/10 0/10 
0.35 10/10 10/10 

200 0.35 10/15 0/15 

Swiss albino, 300 27/30 2/15 
CFW strain 0.35 20/20 12/15 


* The denominator signifies number of test mice; the numerator, the 
number of survivors. 


t Transfer numbers 23, 30, 35, and 36 were employed for the test chal- 


lenge dose of line Ib leukemic cells. 


It may be noted that of the 145 recipients which 
had been immunized with leukemic tissue, 125 sur- 
vived. This finding was in contrast to the re- 
cipients which had been immunized with normal 
splenic tissue, for only 25 survived of the 125 mice 
in that category. Moreover, 23 of these survivors 
were in the two groups that received only 0.35 mg. 
of cortisone. Thus, the results that were obtained 


from the use of x-radiation and cortisone in com- 
bination (Table 5) were different from the findings 


observed (Tables 1-4) when the test animals had 
not been actively immunized. 


DISCUSSION 


The experiments reported in the present paper 
demonstrate that either of two extrinsic agents, 
cortisone or x-radiation, may induce susceptibility 
in a mouse naturally resistant, as assessed by the 
success of homoiotransplantation of leukemic cells. 
Moreover, when these two agents were given in 
combination before the test injection, an enhanced 
response resulted. The study was carried out by 


employing line I, lymphoid leukemia in four re- 


sistant strains of mice. The x-radiation and the 


administration of cortisone preceded the trans- 
plantation of leukemic cells by 24 hours or less. For 
cortisone, it more commonly was 2 hours. The in- 
fluence of other time intervals in preparation for 
transfer of leukemic cells has not yet been deter. 
mined. It was concluded that the effects of cor- 
tisone and x-radiation singly and in combination 
alter the host receptivity of the treated mouse 
without apparent effect upon the leukemic cells. 
This interpretation came from the demonstration 
that line I, leukemic cells from otherwise resistant 
mice resulted in death from leukemia for all C58 
mice and in no evidence for disease in mice of re- 
sistant strains. 

Genetic constitution is commonly accepted as 
the determinant that controls the transplantabil- 
ity of leukemic cells (5, 12). X-radiation is the 
single extrinsic factor that is outstanding in its 
ability to overcome the species specificity that 
characterizes the successful transmission of leuke- 
mia to normal animals (8, 13). This recognized 
capacity of ionizing radiation to reverse the re- 
sponse of naturally resistant inbred mice to ho- 
moiotransplantation was readily confirmed (Ta- 
bles 1, 2, 4). Whole-body x-radiation, in a dosage 
of 300 or 400 r, broke down the resistance of stock 
Swiss albino mice and of two inbred strains, BALB 
and A. This deleterious effect was less apparent 
when 100 r (Table 1) or 200 r were employed 
(Tables 1, 2, 4). A review of other data does not 
reveal a difference in mouse strain response to Ir- 
radiation. 

Cortisone likewise successfully converted re- 
sistant mice to a state of susceptibility to homoio- 
transplantation with line I, leukemic cells (Tables 
3, 4). However, it may be seen that a strain dif- 
ference in response to the alterative effects of cor- 
tisone was made apparent. Mice of the BALB 
strain showed a greater response to the effects of 
cortisone than did the other inbred strains. The 
difference was evidenced for each test group of 
BALB mice by more deaths and a shorter time to 
death than was observed in comparable test 
groups of mice of other strains. Contrariwise, the 
findings suggest that A mice are the least affected 
by cortisone. These differential findings in mouse 
strain response to cortisone were likewise apparent 
when mice which had been actively immunized to 
line I, were tested (Table 5). When leukemic cells 
were injected into actively immune mice, no 
deaths resulted among the A mice and only three 
of fifteen among the stock Swiss mice, in contrast 
to death for fourteen of fifteen BALB mice. Any 
differences in strain response were obscured by the 
use of x-radiation and cortisone in combination, 
since all test mice died and the time to death was 
markedly shortened. 
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The adverse effect of cortisone upon host re- 
sistance to a variety of infectious agents (1, 3, 4, 6, 
7, 9-11, 19, 20, 25, 26, 28-32, 35, 36, 38, 39) is man- 
ifest by an increase in the severity of the infectious 
process, or in death. Ionizing irradiation likewise 
may alter host response to its detriment (27, 33). 
The action of the two agents upon the host are 
similar in the impairment of the inflammatory re- 
sponse (6, 19, 20, 23, 35) and in the production of 
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Cuart 2.—The effects of cortisone acetate and roentgen ra- 
diation employed in combination and independently upon the 
susceptibility of three resistant strains of mice to mouse 


antibodies (2, 18). Further similarities were 
brought out by the present findings showing that 
either x-radiation or cortisone may successfully 
overcome the innate resistance of inbred mice to 
homoiotransplantation of lymphoid leukemia, line 
I,. Moreover, the synergistic effect of the two 
agents, as measured by the success of transplanta- 
tion and the shortened survival time to death, was 
comparable to the enhancive effect of the two 
agents upon a variety of bacterial, mycotic, and 
viral infections (4, 7, 26, 32). 

__ Evidence in support of the immunological spec- 
ificity of leukemic cells was established indirectly 
when cortisone and x-radiation, singly and in com- 
bination, were found to exert little effect upon the 
resistance of mice which had been prepared prior 
to treatment by active immunization with leuke- 
mic cells. For example, 38 survived of the 45 mice 


which had been immunized with leukemic splenic 
tissue, in contrast to death from leukemia of 44 of 
the 45 mice which had been immunized with nor- 
mal splenic tissue. Three experiments on three 
mouse strains demonstrated conclusively the pro- 
tective effect of active immunization against the 
otherwise detrimental effect of cortisone and x- 
radiation (Charts 1 and 2). These same experi- 
ments differentiated sharply between natural in- 


MICE IMMUNIZED WITH 
LEUKEMIC SPLENIC TISSUE 


MICE IMMUNIZED WITH 
NORMAL SPLENIC TISSUE 


MICE SURVIVING AFTER 
CHALLENGE WITH LINE I, 
LEUKEMIC CELLS 


SWISS ALBINO-CFW 
Wha 


300r mgm. 


leukemia, line I, after previous immunization with homologous 


cells. 


nate or genetic resistance, and acquired or induced 
resistance. It is evident that the methods em- 
ployed in the present study make it possible to in- 
vestigate the mechanisms responsible for these dif- 
ferences in a variety of host-cell parasite relation- 
ships by the utilization of tumor cells and micro- 
biological agents. 


SUMMARY 


Two extrinsic agents, cortisone and ionizing 
radiation, were found to convert the naturally re- 
sistant status conferred by the genetic constitution 
of the test inbred mice into a state of susceptibil- 
ity. Mice representative of three resistant inbred 
strains, BALB, A, and STOLI, and of the stock 
Swiss albino CFW strain, by the administration of 
cortisone and x-radiation singly and in combina- 
tion, were made susceptible to the homoiotrans- 
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plantation of lymphoid leukemia, line I,, when 
tested within 24 hours. The two agents operated 
synergistically to potentiate the alterative effect 
that may result from the employment of either 
agent singly. Contrariwise, mice made resistant by 
actively induced immunization with leukemic cells 
were little affected by the administration of cor- 
tisone and x-radiation singly or in combination. 
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Further Studies on the Pathogenesis of Uterine Lesions 
in DBA x CE and Reciprocal Hybrid Mice* 


B. ATKINSONT AND Marcaret M. Dickie 


(Department of Anatomy, University of Cincinnati College of Medicine, Cincinnati, Ohio, 
and Roscoe B. Jackson Memorial Laboratory, Bar Harbor, Maine.) 


It has been observed repeatedly in mice bearing 
adrenal cortical neoplasms consequent to early 
ovariectomy that the accessory organs of repro- 
duction show both gross and microscopic evidence 
of hormonal stimulation—in reciprocal crosses be- 
tween C57BL, DBA, CE, A, and C3H (2); in 
DBA (4); in C3H X A hybrids (10); in CE (11). 
In several of the studies cited above, cystic glan- 
dular hyperplasia and other histologic abnormali- 
ties were noted in the uteri. Similar observations 
have been reported in nonovariectomized NH 
mice in which adrenal cortical tumors arise spon- 
taneously (5). Considerable evidence has ac- 
cumulated which indicates that the growth and 
differentiation of the accessory reproductive or- 
gans in these animals are due to the secretion of 
estrogen (3, 4, 5, 11) and androgen (6, 11) by the 
neoplastic adrenal tissue. 

A more recent study of the pathogenesis of the 
uterine lesions in DBA X CE and reciprocal hy- 
brid mice has revealed the presence of hyperestrin- 
ism associated with the production of considerable 
amounts of progesterone and/or androgen (1). 
This hormonal imbalance manifests itself at 6-8 
months of age and persists throughout life in both 
ovariectomized and nonovariectomized virgin ani- 
mals. Because the findings were essentially the 
same in both intact and ovariectomized mice, the 
adrenal cortex was presumed to be the source of 
the steroid sex hormones, whether cortical tumors 
were present or not. The evidence for this assump- 
tion, however, was presumptive. The present ex- 
periment, therefore, was designed to determine 
more conclusively the sites of steroid sex hormone 


* This work has been aided by grants to the Roscoe B. 
Jackson Memorial Laboratory from the Commonwealth Fund, 
the Anna Fuller Fund, the Jane Coffin Childs Memorial Fund 
for Medical Research, and from the National Cancer Institute 
of the National Institutes of Health, Public Health Service. 

{ Visiting investigator at the Jackson Laboratory in 1952, 
aided by a grant from the Montgomery County Society for 
Cancer Control, Dayton, Ohio. 
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production in intact mice before and after the on- 
set of the endocrinopathy as indicated by the de- 
velopment of uterine glandular hyperplasia and 
adenomyosis. 


MATERIALS AND METHODS 


Twenty-nine F, female mice, born and housed at 
the Jackson Laboratory throughout the experi- 
ment, were obtained from DBA/2Wy X CE/Wy 
and reciprocal matings. They were segregated from 
males at the time of weaning and received no 
treatment until the present study was begun. The 
animals were maintained on a diet of Purina Fox 
Chow and tap water, except in the case of the 
adrenalectomized mice noted below. 

When the mice were from 8 to 24 months of age, 
the left uterine horn was removed surgically to de- 
termine whether lesions were present and the ex- 
tent to which they had progressed. Nine to 13 days 
later, eighteen of the animals were bilaterally 
adrenalectomized, and the remaining eleven were 
ovariectomized. Sixteen to 27 days were allowed 
for the effects of adrenalectomy or ovariectomy on 
the cytology of the vaginal mucosa to become 
established. During this period the adrenalecto- 
mized mice were maintained on 1 per cent NaCl in 
their drinking water. 

At the termination of the experiment the ani- 
mals were sacrificed and examined grossly to ascer- 
tain the complete removal of the glands in ques- 
tion. In the adrenalectomized mice a search was 
made for the presence of accessory adrenal tissue. 
The remainder of the reproductive tract was fixed 
for several days in Vandergrift’s fluid.! Longitudi- 
nal paraffin sections of the uterus and vagina, 6 pu 
in thickness, were prepared and stained with azure 
eosinate, buffered at pH 6.2 according to the 
method of Lillie and Pasternack (9). 


The cytology of the vaginal epithelium was 
studied microscopically in order to ascertain the 
1 Vandergrift’s fluid: 95 per cent ethyl alcohol, 80 ml.; 40 


per cent formalin, 12 ml.; glacial acetic acid, 4.5 ml.; picric 
acid, 4fgm.; urea, 0.5 gm.; and mercuric chloride, 0.2 gm. 


3 
‘ 
4 
; 
f 
} 
=: 
| 
5 
. 
a 
ind 
+ 
4 
~ 
. 
at 
5 
Ser 
“a 


166 


Cancer Research 


activity of endogenous steroid sex hormones at 

the time of autopsy. The following cytologic pat- 

terns, established in the rat by Freud (7) and 
subsequently applied to the mouse (8), were used: 

Type I (epithelium two to three cells thick. The long axes of 
cells in the most superficial layer tend to be perpendicular to 
the surface of the epithelium). Found in infantile, lactating, 
and ovariectomized animals. 

Type II (epithelium five or more cells thick, without mucifica- 
tion or cornification).— Found in diestrus and proestrus and 
in early stages of estrogen treatment in the castrate. 

Type III (epithelium, five or more cells thick, with mucifica- 
tion of one or more of the superficial layers of cells).— 
Found in pregnancy and pseudopregnancy and in the 
castrate treated with both estrogen and progesterone or 
androgen. 

Type IV (epithelium five or more cells thick, with cornification 
of the more superficial layers)—Found in estrus and in 
later stages of estrogen treatment in the castrate. 


As noted above, uterine biopsies were taken in 
all animals shortly before removal of the adrenals 
or ovaries to determine whether lesions had de- 
veloped and, if present, to what extent. The extent 
of uterine change was classified on the basis of the 
morphologic patterns of the endometrial glands 
previously described in detail (1). Uteri containing 
only an occasional gland showing cystic or ade- 
nomatous hyperplasia were designated as slightly 
pathologic; uteri in which a substantial minority 
of glands showed these morphologic abnormalities 
or in which an occasional adenomyotic gland was 
present were designated as moderately pathologic, 
uteri in which a majority of glands showed hyper- 
plastic changes and/or in which more extensive 
adenomyosis was present were designated as 
markedly pathologic. 


OBSERVATIONS 


The effects of ovariectomy and adrenalectomy 
on the production of steroid sex hormones in virgin 
mice, as indicated by the type of vaginal cytology 
present 16-27 days postoperatively, are summa- 
rized in Tables 1 and 2. It can be readily seen that 
ovariectomy was followed by regression of the 
vaginal mucosa to the castrate type (Type I) in 
nine of eleven animals. After adrenalectomy, on 
the other hand, the vaginal mucosa showed cyto- 
logic evidence of continued hormonal stimulation 
(Types II, III, and IV) in all eighteen animals 
studied. The results were the same whether ovar- 
iectomy or adrenalectomy was performed before 
or after the onset of hyperestrinism, as indicated 
by the presence or absence of pathologic changes 
in the uterus. 

The estimation of sex hormone activity on the 
basis of cytologic changes in the uteri themselves 
was not attempted, since preliminary study indi- 
cated that the results of such an investigation 


would be of questionable value in view of the ex- 
tensive pathological changes present in many of 
the uteri. 


TABLE 1 


EFFECT OF OVARIECTOMY ON THE VAGINAL 
CYTOLOGY OF DBA X* CE AND 
RECIPROCAL HYBRID MICE 


Type of vaginal 


Extent of uterine cytology 16-27 


Age lesions 9-12 days days after 
Animal (months) before ovariectomy ovariectomy 
14904 | 8 negligible I 
15014 slight Ill 
17705 8 negligible I 
17708 8 slight I 
12025 12 moderate II 
12827 12 slight I 
8118 18 marked I 
8599 18 marked I 
9712 18 moderate I 
4269 24 marked I 
4947 24 moderate I 
TABLE 2 


EFFECT OF ADRENALECTOMY ON THE VAGINAL CYTOLOGY 
OF DBA X CE AND RECIPROCAL HYBRID MICE 


Type of vaginal 


Extent of uterine cytology 16-27 


Age lesions 9-12 days days after 
Animal (months) before adrenalectomy adrenalectomy 
14902 8 negligible II 
14903 8 slight Ill 
15304 8 negligible II 
15444 8 slight II 
17509 8 negligible IV 
17060 8 negligible III 
17703* 8 negligible II 
17704 8 negligible II 
17709 8 slight IV 
17710 8 moderate II 
14518* 10 moderate Ill 
15016 10 slight lll 
15017* 10 moderate IV 
12023 | 12 moderate IV 
12024* 12 marked Ill 
12182 12 slight IV 
8598 18 marked Ill 
4268 24 marked II 


* Accessory adrenal tissue found at autopsy. 


DISCUSSION 

It is evident from the results of the present ex- 
periments that in virgin DBA X CE and recipro- 
cal hybrid mice the ovary is the principal site of 
estrogen production. This conclusion is supported 
by the observation that ovariectomy was followed 
by regression of the vaginal mucosa to the castrate 
type in the majority of animals studied, whereas 
in no instance did adrenalectomy produce this 
result. 

The evidence concerning the sites of production 
of progesterone and androgen is somewhat less 
direct. The occurrence of one instance each of 
Type II and Type III vaginal mucosae in the 
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ovariectomized series (‘Table 1) indicates that in 
these particular animals the adrenal cortex was 
elaborating physiologically effective amounts of 
estrogen and androgen or progesterone. Since 
there was no evidence of hormonal activity in the 
remaining nine ovariectomized mice, however, it 
seems reasonable to assume that the ovary is the 
chief source of androgen and progesterone as well 
as estrogen. The possibility remains that the 
adrenal cortex may produce quantities of sex hor- 
mones which are generally insufficient to elicit a 
vaginal response in the ovariectomized animal but 
which might play an important role in supplement- 
ing the hormones produced by the ovaries in the 
intact mouse. 

The present observations have rendered un- 
tenable the earlier hypothesis concerning the role 
of the adrenal cortex in the pathogenesis of uterine 
lesions in the virgin DBA X CE and reciprocal 
hybrid mouse (1). It can no longer be assumed that 
the adrenal cortex is the principal source of steroid 
sex hormones in the intact animal which does not 
show morphologic evidence of cortical dysfunction. 
It now seems apparent that the hormonal im- 
balance leading to the development of uterine 
lesions is mediated through the ovaries in the in- 
tact virgin mouse and through the neoplastic 
adrenal tissue in the castrate. In each case, the 
ultimate mechanism which initiates the chain of 
events leading to the steroid hormone imbalance 
and subsequent abnormal uterine growth remains 
obscure. 


SUMMARY 


The effects of ovariectomy or adrenalectomy on 
the production of steroid sex hormones, as indi- 
cated by the cytologic changes in the vaginal 
mucosa, were determined in a series of 29 virgin 
DBA X CE and reciprocal hybrid mice before and 
after the appearance of the uterine lesions which 
develop spontaneously in these animals at 6-8 
months of age. Ovariectomy was followed by re- 
gression of the vaginal mucosa to the castrate type 


in nine of eleven animals, whereas after adrenalec- 
tomy there was evidence of hormonal activity in 
all eighteen animals examined. The results were 
the same both before and after the onset of path- 
ologic changes in the uteri. These findings indicate 
that the ovaries are the immediate source of the 
steroid hormone imbalance responsible for the de- 
velopment of the uterine lesions. 
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Studies on Tissue Metabolism by Means of in Vivo 
Metabolic Blocking ‘Technics 


Il. Metabolism of Acetate-I-C* in 
Malonate-treated Rats 


Harris BuscH* AND VAN R. Portrer 


(McArdle Memorial Laboratory, Medical School, University of Wisconsin, Madison 6, Wis.) 


We have previously reported on methods for the 
production of a succinate pool! and have pre- 
sented an evaluation of the effects of the malonate 
block in individual tissues (6, 7). The present re- 
port deals with the incorporation of C' from 
acetate-1-C' into pools of succinate and other 
components of tumors and other tissues of tumor- 
bearing rats. 


MATERIALS AND METHODS 


Female rats weighing 140-170 gm. and bearing Flexner- 
Jobling tumors transplanted 10 days prior to the experiment 
were used in these studies. These rats were supplied by Dr. G. 
A. LePage. The aggregate tumor mass obtained from four sites 
of transplantation ranged from 4 to 6 gm. in two rats. The rats 
were injected initially with 1.2 ml. of 1 m malonate, and this 
dose was repeated after 1 hour (7). Immediately following the 
injection of the second dose of malonate, radioactive sodium 
acetate was injected intraperitoneally. In experiments of 
greater than 8 minutes’ duration, approximately 107 c.p.m. 
(counts per minute) of radioactivity (specific activity of this 
acetate was 1.5 X 10° c.p.m./mg) in a volume of 0.5 ml. was 
injected into each rat; in shorter experiments, 3.13 X 10®c.p.m. 
of radioactivity in a volume of 0.20 ml. was injected into each 


* Postdoctoral Research Fellow of the National Cancer In- 
stitute, U.S. Public Health Service. Present address: Depart- 
ment of Physiological Chemistry, School of Medicine, Yale 
University, New Haven, Conn. 


1 The general procedure in tracer studies on the metabolism 
of a given compound involves the measurement of incorpora- 
tion of the label from that precursor into a metabolic pool. 
Where natural pools have been small, larger pools have been 
induced by a number of technics: (a) injection of a compound 
which results in the excretion of a conjugated intermediate, 
such as acetylated foreign amines (3, 8), hippuric acid (22, 24), 
and glucuronides (9, 16); (b) feeding or injection of excessive 
quantities of a metabolite, such as sarcosine (11), or formate 
(25) which mix with the body pool and are in part excreted; and 
(c) introduction of a block in a metabolic series of reactions so 
as to produce excessive excretion of the accumulated substance 
—glucose in diabetes (1), succinate in malonate poisoning (12, 
13). In the present instance, succinate has been accumulated in 
individual tissues by means of a malonate block!(6, 7). 


Received for publication October 17, 1952. 


rat (specific activity of this acetate was 3.13 X 106c.p.m./mg).? 
In experiments of greater duration than 8 minutes, the rats 
were placed in respirometers for collection of the expired CO, 
following the injection of the radioactive acetate. In shorter 


experiments, the rats were placed in a well ventilated hood. At ° 


the end of the experimental period, the animals were sacrificed, 
and the tissues were treated as previously described (7) for 
precipitation of the proteins and separation of the acidic com- 
ponents by means of anion exchange chromatography (5). Be- 
fore the neutralized supernatant solutions were added to the 
column, an aliquot was removed to enable determination of the 
total radioactivity and the radioactivity in volatile compounds 
(hereafter referred to as volatile radioactivity) present in the 
sample. Volatile radioactivity was determined as the total 
minus the residual radioactivity after treatment of an aliquot 
of the neutralized supernatant solution with 1 n HCl and desic- 
cation in vacuum desiccators. Counting of the samples was 
carried out in flow counters after aliquots of the neutralized 
solutions were directly pipetted onto weighed aluminum plates 
rotating under an infrared lamp; when dry, the plates were re- 
weighed. Plates made with the solutions obtained from 
chromatography of the tissue extracts were infinitely thin, but 
those obtained from the neutral perchlorate solutions were not, 
and corresponding corrections had to be made by means of 
factors obtained from self-absorption curves. 


RESULTS 


Total radvoactivity in neutral aqueous extracts.— 
Charts 1 and 2 present data on the counts per 
gram of tissue for 30 minutes following the injec- 
tion of the acetate-1-C!*. All counts have been cor- 
rected to a uniform dosage of 10 X 10° c.p.m. per 
rat. The total acetate injected per rat was held 
constant. At the maximum, the highest counts 
were found in kidney, liver, and spleen, the latter 
accumulating as much as 200,000 c.p.m. per gram, 
while the lowest counts were found in blood, 
muscle, and tumor, each reaching about 20,000 
c.p.m. per gram at the time intervals tested. Dif- 
ferences were noted in the time at which the maxi- 
mum radioactivity was reached in the tissues: the 
maximum in heart, liver, and blood was reached at 


2 We are indebted to Dr. Charles Heidelberger and his staff 


for advice, radioactive compounds, and counting services. 


168 


a 
3 
= 
O 
2 
tl 
5 
4 
4 
q 
4 
3 
| 
aly} 
iz 
Ae 4 
p 
l 
3 
he 
| 
4 
2 
5 
y 
| 
a 
| 
ina 
4 
| 
4 
ome 


Busco AND Potrer—Metabolism of Acetate-1-C'4 in Malonate-treated Rats 169 


or before 2 minutes after the injection, while the 
maximum for kidney and spleen was found at 4 
minutes after the injection of the acetate. Not un- 
til 8 minutes after the injection of acetate did lung, 
muscle, and tumor reach maximum radioactivity 
per gram. While these differences may be related 
to circulation in part, the ability ‘of the tissue to 
metabolize the compound must also be considered 
as a factor in the rate at which a compound is 
taken up. 

Total volatile radioactivity.—Two minutes after 
the injection of the acetate, appreciable concentra- 
tions of volatile radioactivity (see above) were 
found in most tissues, 1.e., greater than 20 per cent 
of the total. At this time, more than 85 per cent of 


TOTAL COUNTS 


° 

| 


COUNTS/GRAM X 10 
8 


4 


0 IS MINUTES 30 


Cuarts 1 and 2.—Total radioactivity expressed as c.p.m. 
per gram wet weight of tissues following injection of acetate- 
1-C'™%, Each point represents the average of duplicate determi- 


100;-— 


VOLATILE 


% TOTAL COUNTS 
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Cart 3.—Volatile radioactivity expressed as per cent of 
the total given in Charts 1 and 2 in tissues following the injec- 
tion of acetate-1-C™ into malonate-treated tumor-bearing rats- 
The kidney is presented as an example of tissues other than 
liver, tumor, and blood. Volatile activity was determined by 
subtraction of c.p.m. remaining after desiccation of samples 
treated with HC] from total c.pm. originally present. Dupli- 
cate determinations were made on individual samples. 


the radioactivity in the blood and the tumor was 
volatile (Chart 3). By 8 minutes after the injec- 
tion, little volatile radioactivity was found in the 
tissues other than blood, liver, and tumor. The 
persistent volatile radioactivity in the liver might 
be related to the production of acetoacetate by 
this organ in the presence of malonate, as noted by 
Handler (10), but this has not been determined. 
Only in the tumor does the volatile activity consti- 
tute an appreciable fraction of the total radio- 
activity after the 8-minute period. 
Succinate.—The time course of the specific ac- 
tivity of succinate in the kidney and the tumor is 
presented in Chart 4. The very rapid incorporation 
of label from acetate-1-C'4 is shown by the steep 
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© 


0 I5 MINUTES 30 


nations on a single sample of pooled tissues from two rats. De- 
terminations were made on aliquots of neutralized perchloric 
acid filtrates. 


uJ 
= 
< 
© 
aan 
= | 
WV, 
T 
= 
0 30 MINUTES ©0 


Cuart 4.—Specific activity of succinate in kidney and in 
Flexner-Jobling tumor following injection of acetate-1-C" into 
malonate-treated tumor-bearing rats. Each point represents 
the average of two determinations on purified succinic acid ob- 
tained by sublimation from less pure samples where the melting 
point ranged from 175 to 183 degrees. The kidney is presented as 
an example of normal tissues (see Table 1). 
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upward slope of the curve for kidney, which 
reaches a maximum at approximately 4 minutes 
after the injection of the labeled precursor. The 
rapid rate of turnover of the succinate pool is indi- 
cated by the rapid decline of activity after the 
maximum is reached.* As Table 1 indicates, the 
kidney is not unique in this respect. The behavior 
of the tumor is peculiar in that it corresponds to 
none of the normal tissues studied; a very slow rate 
of increase in the radioactivity in the succinate 
pool is noted, and the maximum had not been 


TABLE 1 


SPECIFIC ACTIVITY OF SUCCINATE OF TISSUES OTHER THAN 
TUMOR AND KIDNEY (CHART 4) AT VARIOUS TIME 
INTERVALS AFTER INJECTION OF ACETATE-1-C!4 


Values are in counts per minute (c.p.m.) per micromole, de- 
termined by counting aliquots of titrated solutions as direct 
plates. The c.p.m. are corrected to a uniform dosage of 107 
c.p.m. per rat. 


Tissue TIME (MINUTES) 

g 4 8 15 30 60 
Heart 7,850 8,000 7,100 2,820 750 
Lung 2,960 5,970 6,900 1,480 1,160 +#£421,090 
Spleen 7,900 10,200 7,450 2,020 2,490 
Liver 5,100 9,250 8,950 590 930 
Blood 765 2,790 3,100 1,650 #£1,210 


Muscle 294 8,000 7,050 5,800 1,350 620 


TABLE 2 


DISTRIBUTION OF RADIOACTIVITY IN ACID PROFILES OF 
VARIOUS TISSUES OF TUMOR-BEARING RATS FOLLOW- 
ING INJECTION OF ACETATE-1-C!4 


Each figure is the average of values at 4 and 8 minutes fol- 
lowing the injection of the precursor. Numerical values are in 
per cent of the total c.p.m. in the tissue. 


Tissue Volatile Peak 2 Peak 3 Succinate Total 
Tumor 72 10 3 85 
Heart 0 94 13 107 
Lung 10 52 12 74 
Kidney 7 39 35 81 
Liver 39 5 17 12 - 73 
Spleen 10 62 5 77 
Muscle 20 8 27 11 66 
Blood 50 4 8 62 


reached 60 minutes after the injection of the 
labeled precursor. As Table 2 indicates, the per- 
centage of total radioactivity accounted for in the 
succinate pool is greatest in the kidney. In most 
tissues, the activity in the succinate pool accounts 
for 5-15 per cent of the total in brief time intervals 
after the injection of the label. In the case of the 
tumor, as might be expected from the data on 
specific activity, the highest percentage of total 
activity accounted for as succinate is found at the 
30-minute period. In most cases, the specific ac- 

3 The half time of incorporation of the precursor into the 
succinate pool was 23 minutes in the kidney and 30 minutes 


in the Flexner-Jobling tumor. The half time of the turnover of 
the succinate pool in the kidney was approximately 12 minutes. 


tivity of the succinate was determined by dividing 
total activity in a given fraction by the micro- 
equivalents of acid present in the fraction. The 
average value was taken for three to four fractions 
within the succinate peak, and the average devia- 
tion from the values obtained was in general with- 
in 5 per cent. However, there were instances where 
contamination of these samples was obvious, and, 
accordingly, the succinate fractions were treated 
with 1 nN HCl, dried in vacuum desiccators, and 
subjected to sublimation procedures described pre- 
viously (6). The values presented in Chart 4 are all 
corrected after sublimation.‘ In general, the agree- 
ment of specific activity before and after sublima- 
tion was within 10 per cent, with the exception of 
the liver samples (where gross contamination was 
obvious) and the muscle samples. 

Radioactivity in peaks other than succinate.— 
Very high percentages of the total radioactivity in 
the heart, lung, kidney, and spleen were found in 
the second peak of their respective acid profiles 
(Table 2). In previous studies, this peak was 
shown to contain glutamic and aspartic acids (6) 
in spleen and the Flexner-Jobling tumor. Approxi- 
mately 10,000 c.p.m. from peak 2 of a spleen sam- 
ple were subjected to paper chromatography ac- 
cording to the method of Benson et al. (2), and a 
radioautograph was prepared. Only two spots of 
activity were found, one very light spot in the 
aspartate position and one very heavy spot in the 
glutamate position. This latter spot was chromato- 
graphed on a cation exchange resin column (23) 
with carrier glutamate, and radioactivity and 
titrations correlated throughout the peak. Of the 
original radioactivity in the fraction, 55 per cent 
was recovered in the final glutamate isolated, and 
by calculation 81 per cent of the activity in peak 2 
of the spleen was in glutamate 15 minutes after the 
injection of radioactive acetate. Since this peak 
contained more than one-half the total acid- 
soluble activity in the tissue, either the spleen was 
rapidly converting acetate to glutamate, or the 
spleen may have been concentrating radioactive 
glutamate from the blood at a rapid rate. 

An appreciable percentage of the total radio- 

4 Forty succinate samples were purified by sublimation and 
the specific activities redetermined. The specific activities of 
purified samples of succinate from the kidney, tumor, and 
blood deviated less than 10 per cent from those obtained with 
crude samples. For muscle and liver samples, the deviation was 
greater, as anticipated from the gross appearance of the sam- 
ples. To prevent contamination of the sublimed succinic acid 
with NH,Cl formed in the course of previous desiccation pro- 
cedures, fresh desiccant was used (6). Titration of samples 
containing small quantities of succinic acid was effected with 
N/1000 NaOH. Inasmuch as some plates were of appreciable 


thickness, it was necessary to apply’ proper self-absorption 
corrections. 
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activity found in the liver and the muscle was 
present in the third peak of the acid profile. At 
maximum levels, this unidentified peak contained 
approximately 20 per cent of the total count of the 
liver and more than 30 per cent of the total count 
in the skeletal muscle. 

A tabular summary of the total radioactivity 
accounted for in terms of peaks 2 and 3 and the 
succinate peak as well as the volatile count is pre- 
sented (Table 2); 60-100 per cent of the radio- 
activity of individual tissues was accounted for, 
and differences in the metabolism of individual 
tissues with regard to acetate are apparent. The 
remainder of the radioactivity was presumably 


TABLE 3 


DISTRIBUTION OF RADIOACTIVITY 2 MINUTES AFTER 
INTRAVENOUS INJECTION OF ACETATE-1-C'4 


SUCCINATE 
C.p.M. PER PER Per 
PER CENT CENT cent C.p.m./ 
GM. VOLA- IN PEAKS of C.p.m./ gm 
Tissue 10-3 TILE 2,3 total pM tissue 
Tumor — 30 95 2 1 73 316 
Heart 250 1 69 8 23,900 28,600 
Lung 85 0 57 12 21,000 10,000 
Kidney 118 0 41 35 7,150 41,000 
Liver 111 22 20 30 11,500 33,200 
Spleen 160 0 69 5 21,200 7,100 
Muscle 57 17 15 23 17,800 13,200 
Blood 19 46 5 10 3,560 1,810 


either in the neutral eluate which emerged as the 
neutralized perchloric filtrates were passed into 
the column and were followed by the water wash 
(5), or remained fixed on the columns as com- 
pounds with higher affinity for the resin. 

To test the possibility that some of these results 
might be related to the intraperitoneal route of 
injection with the consequent necessity for the 
precursor to traverse the peritoneum and pass 
largely through the portal system before entering 
the peripheral circulation, an experiment was car- 
ried out in which acetate-1-C!* was injected in- 
travenously, and 2 minutes after the injection the 
animals were sacrificed. The data are presented in 
Table 3, which indicates that the results were not 
markedly different from those obtained 4 minutes 
after the intraperitoneal injection, except that the 
volatile radioactivity in the blood and liver was 
lower, and the volatile activity in the tumor was 
higher than in the intraperitoneal experiment. 
Despite the brief time interval, the total activity 
in the tumor had reached an appreciable level, yet 
the specific activity of the succinate and the total 
activity in the succinate were extremely low. In a 
arge measure the results did not depend upon the 
route of administration. 


_DISCUSSION 


The technic for accumulating a pool of suc- 
cinate in individual tissues by means of a malonate 
block (6, 7) has in the present instance been sup- 
plemented by injecting a labeled precursor and 
measuring the extent of its incorporation into the 
succinate pool in the individual tissues. It may be 
noted that the malonate was allowed to act for 1 
hour before the labeled acetate was injected, so 
that a pool of nonlabeled succinate was built up 
before the labeled precursor was injected. The 
first dose of malonate was then supplemented by 
an additional injection to maintain the block and 
to continue the accumulation of succinate, since it 
had been established that the malonate block is 
not maintained unless supplemented (7, 18). Dur- 
ing the second hour, succinate continued to ac- 
cumulate. The preceding report in this series (6) 
showed that the Flexner-Jobling tumor accumu- 
lated an average of 4.6 um of succinate/gram of 
tissue after a 2-hour malonate block, as compared 
to a control value of less than 0.1 um. This figure 
may be compared to 6.0, 6.4, and 8.2 um observed 
in liver, spleen, and kidney at 2 hours, and with 
values ranging from 1.0 to 4.5 in other tissues. The 
succinate accumulated in this tumor was thought 
to have originated in part from glutamic acid (6), 
and the present finding that very little C!* from 
acetate has been converted to succinate lends 
added support to the earlier suggestion. The data 
in Table 3 show that in these animals the radio- 
activity present as succinate amounted to only 
316 c.p.m. per gram of tissue in comparison with 
values ranging from 1,810 to 41,000 c.p.m. in 
other tissues. This difference cannot be attributed 
to a failure to accumulate succinate or to a failure 
of the acetate to reach the tumor tissue, although 
the total radioactivity in the tumor is less than 
that in the other tissues. The latter finding is prob- 
ably not explicable in terms of blood flow alone, 
because the total activity in heart, kidney, lung, 

5 The block is maintained in the sense that succinate con- 
tinues to accumulate in the tissues studied, provided that the 
second dose of malonate is given (7). Moreover, in certain tis- 
sues the block prevents the accumulation of citrate (18) in the 
presence of a fluoroacetate block. However, recent preliminary 
experiments in this laboratory by Dr. H. Schmitz have re- 
vealed that there is very little difference in either the rate of 
CO, output or the total amount expired after the injection of 
acetate-1-C!4 into malonate-treated animals as compared to 
controls. Further work is required to determine whether there 
may be a lag of a few minutes in the attainment of the maximal 
rate of C4O, output, and to prove that these results occur in 
animals in which succinate has been shown to have accumu- 
lated. It is now generally assumed that acetate-1-C" is not con- 
verted to CO, without prior conversion to succinate. The re- 


sults may simply mean that, since malonate is a competitive 
inhibitor, the succinate accumulates to the point that permits 


- it to break through the block. 
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and spleen might be expected to be greater than 
that in tumor tissue in view of the fact that these 
tissues contain less than 1 per cent of their total 
activity in the form of acetate, whereas the tumor 
contained 94.5 per cent of the activity in a volatile 
form. Thus, the concentration gradient between 
the blood and these normal tissues was such as to 
promote entry of more acetate, while in the tumor 
this was not the case. 

The data from the malonate-blocked animals 
thus clearly establishes that the ability of the 
Flexner-Jobling tumor to handle acetate under 
these conditions is of questionable significance 
from the quantitative standpoint. Further studies 
with other tumors are certainly called for at this 
point, since it is now clearly established that great 
differences exist between various tumors with re- 
spect to their oxidative enzyme systems (20).° Two 
normal tissues that were not studied in the present 
series are brain and testis, and future studies 
should include these tissues as well as other 
tumors. 

The findings with the Flexner-Jobling tumor 
may be compared to previous studies in which 
slices of this tumor were less than 3 per cent as ef- 
fective as normal kidney in converting acetate to 
CO, (17). Moreover, the failure of this tumor to ac- 
cumulate citrate after fluoroacetate (19) might be 
due to a failure to convert the fluoroacetate to 
fluorocitrate. It has been pointed out by Potter 
(18) that the ability to accumulate citrate or suc- 
cinate in the presence of a block in the Krebs citric 
acid cycle depends on the ability of the tissue to 
mobilize metabolites such as aspartic and glutamic 
acids into the intermediates in the cycle, and, in 
the report cited, great differences were shown 
among the various tissues studied. The results sug- 
gest that the various entrances and exits to and 
from the cycle may receive different emphasis in 
each individual tissue. In the Flexner-Jobling 
tumor the emphasis is presumably on the exits, 
and the failure to convert acetate to succinate 
may reflect an inability to mobilize oxalacetate 
from other sources. This explanation finds support 
in the fact that in a parallel study it was found that 
labeled glycine was apparently not released from 
the Flexner-Jobling tumor following its incorpora- 
tion (15). 

If the failure to handle acetate is due to a lack 
of C, acid, similar results should be obtained with 
pyruvate-2-C"'; and preliminary experiments indi- 


6 Recent experiments by Potter and Simonson have shown 
that the 98/15 mouse hepatoma will accumulate 300-400 yg. of 
citric acid in vivo following fluoroacetate injections into the 
whole animal, while all other tumors studied (19) failed to ac- 
cumulate citric acid. 


cate that this is the case. However, there may be 
in addition a lowered capacity for activating ace- 
tate to the active C, level. 

Although primarily designed to detect the con- 
version of acetate to succinate, these experiments 
reveal additional information owing to the fact 
that the chromatographic technic for separating 
the succinic acid (5) also reveals the presence of 4 
number of other metabolites and permits the as- 
sessment of their radioactivity. The data have 
been included, even though the peaks have not 
been fully characterized, because an unexpectedly 
large proportion of the total radioactivity was 
found in peaks other than succinate. As indicated 
in the earlier study with malonate and fluoroace- 
tate (18), there is a considerable diversity among 
the normal tissues. Liver and muscle differ from 
other tissues by the appearance of considerable 
portions of the nonvolatile activity in peak 3 and 
relatively less in peak 2 (Table 2). The volatile 
count in the liver may be partly due to a conver- 
sion of acetate to acetoacetate, since formation of 
the latter from active C2 would occur in the pres- 
ence of malonate (10, 14, 21). The lung, spleen, and 
heart incorporate much more radioactivity into 
peak 2 than into succinate, and it would be desir- 
able to see if a similar conversion would occur in 
the absence of malonate. This peak, in the case of 
spleen, has been shown to contain as much as 80 
per cent of the label as glutamate and to comprise 
as much as 70 per cent of the total label in the 
tissue. This extensive conversion of labeled acetate 
to glutamate within 2-8 minutes after the injec- 
tion is an indication of the rapid interaction of this 
compound with the Krebs cycle. 

The present data and the previous finding of 
lowered citrate in the tumors of fluoroacetate- 
treated animals (19)® may mean that the tumor is 
more dependent upon blood-borne intermediates 
of the Krebs cycle than upon its internal sources. 
If the failure of the Flexner-Jobling tumor to 
rapidly incorporate labeled acetate into Krebs 
cycle intermediates is due to a lack of C4, acids in 
malonate-blocked animals, this lack might be cor- 
rected by injecting the animals with fumarate, 
malate, or aspartate, since it has been reported 
that injection of succinate increases the citrate 
content of liver, kidney, muscle, lung, and brain 
(4). With the malonate block and an adequate 
pool of nonlabeled succinate in the tumor tissue, it 
should be possible to test the ability of all the 
other members of the Krebs cycle and of the re- 
lated metabolites to enter the tumor and to be 
converted to succinate. 

In this as in the preceding paper, the nontumor 
tissues are from tumor-bearing rats, and it must 


| abs 
pet 
| 
| 
| 
gt 
; 


Buscu AND Potter—Metabolism of Acetate-1-C'* 1n Malonate-treated Rats 


173 


not be assumed that tissues from normal rats 
would give identical results. 


SUMMARY 


1. The distribution of radioactivity in the vari- 
ous peaks of the acid profiles of the tumor and 
other tissues of rats bearing Flexner-Jobling 
tumors has been studied and 60-100 per cent of 
the total radioactivity can be accounted for either 
as radioactivity in volatile compounds or in the 
elements of the acid profile. 

2. The time course of incorporation of radio- 
activity from acetate-1-C" into succinate pools in- 
duced by malonate in tumors and normal tissues 
reveals maximal incorporation in normal tissues 
2-4 minutes after the intraperitoneal injection of 
the precursor. 

3. The total radioactivity in the succinate pool 
accounts for 30 per cent of the total radioactivity 
within the kidney and about 10 per cent in other 
tissues. Very high percentages of the total radio- 
activity are found in peaks 2 and 3 of the acid 
profiles, in a number of tissues. 

4. The bulk of the count in the Flexner-Jobling 
tumor remains volatile for 30 minutes after the in- 
jection of the precursor. This finding and the very 
low incorporation of radioactivity in the pool of 
succinate within the tumor differentiate this tissue 
from normal heart, lung, spleen, liver, and skeletal 
muscle. 
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A Comparison of Growth Potentialities of Human Tumors 
in Tissue Culture and on Heterologous 
Transplantation” 


WILHELM S. ALBRINK AND A. CAMERON WALLACET 


(Department of Pathology, Yale University School of Medicine, New Haven, Conn.) 


INTRODUCTION 


In association with an investigation of the bio- 
logical behavior of human tumors, an attempt has 
been made to compare the results of heterologous 
transplantation and in vitro explantation. One of 
the manifold purposes of this study was an evalua- 
tion of growth potentialities in tissue culture as 
compared to heterologous transplantation on the 
one hand and the fate of the patient on the other. 
The present report deals with this aspect of the 
investigation. The results must be considered pre- 
liminary, because as yet insufficient time has 
elapsed to permit definitive evaluation of the sta- 
tus of some of the patients. The results thus far 
obtained are of sufficient interest, however, in view 
of the resurgence of tissue culture methods, to be 
presented at this time. 


MATERIALS AND METHODS 


The tumors used in this study were either malignant or 
suspected of malignancy according to conventional pathologi- 
cal criteria. They were derived principally from the Surgical 
Pathology and Autopsy Services of the New Haven Hospital, 
and a few specimens were sent in from the operating rooms of 
nearby hospitals. In some cases, the tumor was put in tissue 
culture after several generations’ residence in guinea pigs. One 
specimen, the granular-cell myoblastoma, was obtained 
through the courtesy of Dr. Margaret R. Murray of Columbia 
University, who had carried it in tissue culture. 

The technics of transplantation to the eye (4) and brain (5) 
have been described. The transfers reported in this paper were 
performed by a technician. The number of animals used for 
each specimen varied between six and twelve but usually num- 
bered eight. Animals were sacrificed when there was obvious 
growth in the eye or when neurological signs became evident. 
If signs of growth did not appear, the animals were sacrificed at 
intervals, and their brains were examined for tumor. 

The tissue culture procedure involved the use of chicken 
plasma clots in 3.5-cm. Carrel flasks. A few tumors were put 
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into flasks under perforated cellophane as well but showed no 
growth. The clots were formed with the use of 0.6 cc. of chicken 
plasma! plus 0.8 cc. of a nutrient which consisted of 40 per cent 
Earle’s saline, 40 per cent serum (either normal adult human 
or, rarely, horse), and 20 per cent chick embryo juice,! EEQ0. 
One to six bits of tumor tissue measuring approximately 2 mm. 
in diameter were added to the plasma mixture. After the forma- 
tion of the clot, 1 cc. of the above nutrient was added to each 
flask. The nutrient was changed twice weekly, and each flask 
was rinsed once a week with 1 cc. of Earle’s saline. The number 
of flasks used for each specimen depended on the amount of 
tumor available and varied from two to twelve but was usually 
six. Sub-cultures were made when the extent of growth or lysis 
of clot necessitated them. 

The identification of cell types in tissue cultures has long 
been a difficult problem, particularly in the “‘mesenchymal” 
group. Cultures called positive in this report presented cell types 
readily distinguishable from fibroblasts and macrophages by 
virtue of speed of growth and marked variations in size and 
shape. All cultures included in this series with one exception 
showed evidence of growth either of tumor, fibroblasts from 
stroma, or both. The exception, No. 27, remained completely 
quiescent without necrosis or dissolution for a period of 5 
months. 


RESULTS 


Table 1 summarizes the results obtained on 
transfer of the 33 tumors constituting the present 
series. All the eleven tumors of mesenchymal or'i- 
gin grew in tissue culture, but only five survived 
heterologous transplantation. The synovioma, No. 
1 (Fig. 1), grew very rapidly with marked lysis of 
the clot (Fig. 2) but produced only a small, rela- 
tively acellular tumor in the guinea pig’s brain 
(Fig. 3) and failed to show any evidence of growth 
when placed in Carrel flasks under perforated cel- 
lophane. This tumor was primary in the knee, and, 
at present, 16 months after amputation of the leg, 
the patient 1s allegedly clinically free of tumor. 

Three of the five fibrosarcomas grew on heterol- 
ogous transfer. One failed to grow at the time of 
operation (No. 4), but its behavior after tissue 
culture is of considerable interest. This tumor was 
primary in the sacrococcygeal region and was 


1 Difco T C desiccated, reconstituted with double-distilled 


water. 
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histologically diagnosed as a fibrosarcoma (Fig. 
4). Excellent growth was obtained in tissue cul- 
ture, but transplantation to the eyes and brains of 
guinea pigs failed. After 7 weeks’ residence in 
vitro, fragments (Fig. 5) were transplanted from 
the flasks to guinea pigs’ brains. Three weeks later 
the brain of one animal was found to contain a 
small growth which appeared histologically similar 
to the primary tumor (Fig. 6). The patient was 
clinically free of tumor 7 months after operation. 

Figure 7 illustrates the histological appearance 
of one of the Wilms’ tumors studied, and Figure 8 


shows the growth obtained on transfer to tissue 
culture. Both of the Wilms’ tumors grew in tissue 
culture in the form of large, interlacing cells of the 
connective tissue type, and there were no recog- 
nizable epithelial elements. Neither grew on heter- 
ologous transplantation, a finding in line with pre- 
vious experience with such tumors. 

All three of the neurogenic tumors explanted 
grew well in tissue culture when a plasma clot was 
used, but the neuroblastoma did not grow when 
placed under perforated cellophane. Only the glio- 
blastoma multiforme survived on heterologous 


TABLE 1 
RESULTS OF COMPARISON OF TISSUE CULTURE AND HETEROLOGOUS TRANSFER OF HUMAN TUMORS 
No. Tumor Primary Tissue used T.C.° H.f Patient’s status Comments 
‘““Mesenchymal” tumors: 
1.  Synovioma Knee Primary + + Well 16 mo. 
2. Fibrosarcoma Neck Primary + + Autopsy spec. 
8.  Fibrosarcoma Buttock Breast met. + + Died 3 mo. No autopsy 
4. Fibrosarcoma Sacrococcyg- Primary + ~ Well 11 mo. 
eum 
5.  Fibrosarcoma Leg Subcut. nodule + — Well 3 mo. 
6. Fibrosarcoma Arm Primary + + Died 8 mo. No autopsy 
7. Osteogenic sarcoma Leg Primary + — Well 7 mo. 
8. Wilms’ Kidney Primary + _ Well 13 mo. 
9. Wilms’ Kidney Primary + — Well 5 mo. 
10. Gran. cell myoblastoma + No information— 
from Dr. Murray 
11. Reticulo-endothelioma ? Lymph node + + Autopsy spec. Gen. involvement 
“‘Neurogenous”’ tumors: 
12. Ependymoma Brain Primary + — Died 1 mo. 
13. Neuroblastoma Lymph node + — Autopsy spec. Gen. involvement 
14. Glioblastoma multiforme — Brain Primary + + Died next day To one 4 yr. 
in : 
“Carcinomas”: 
15. Malignant melanoma Skin Lymph node + + Died 3 mo. To T.C. Dy 6 
mo. in : 
16. Malignant melanoma Skin Subcut. nodule + _ Multiple nodules No distant metas- 
on arm at 5 mo. tases clinically 
17. Hepatoma Liver Perit. Impl. + _ Autopsy spec. Gen. metastases 
18. Hepatoma Liver Primary + — Died 1 mo. No autopsy, x-ray 
metas. to lungs 
19. Adenocarcinoma ~ Thyroid Primary _ + Died 17 mo. No autopsy 
20. Adenocarcinoma Ovary Lymph node _ _- Autopsy spec. Gen. metastases 
21. Epidermoid carcinoma Cervix ? Retroperit. mass — — Alive 8 mo. Mass still present 
92. Epidermoid carcinoma Lung Primary + + Died 6 mo. Tumor at autopsy, 
to T.C. after 7 
mo. in G.P. 
93. Chorioepithelioma Testis Lung metas. + + Autopsy spec. Gen. metastases 
24. Carcinoma Uterus Nodule-scalp + + Died 1 mo. Autopsy: Gen. 
metastases 
to T.C. after 8 
mo. in G.P. 
25. Adenocarcinoma Stomach Omental mass + -- Died 4 mo. No autopsy 
26. Granulomatous carcinoma Thymus Primary + No information 
27. Adenocarcinoma Breast Brain metas. — + Died 2 mo. Autopsy: Gen. 
metastases to 
T.C. after 3 mo. 
in G.P. 
28. Adenocarcinoma Breast | — lymph — — Autopsy spec. Gen. metastases 
node 
29. Adenocarcinoma Breast Reg. lymph node — + Alive 7 mo. Metas. to lungs 
30. Adenocarcinoma Breast Died 6 mo. No autopsy 
31. Adenocarcinoma Breast Neg. at 7 mo. 
32. Adenocarcinoma Breast No information 
33. Adenocarcinoma Breast Liver metas. _ - Died in 2 wk. 


*T.C. = Tissue culture. 
t H = Heterologous transfer. 
+G.P. = guinea pig. 
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transplantation. The material used for the tissue 
culture explants was obtained from guinea pig 
brain after 4 years’ residence and several genera- 
tions of growth in this species. 

Attempts to culture carcinomas were less suc- 
cessful. Only nine of the nineteen tested gave 
satisfactory growth in tissue culture, and seven 
survived heterologous transplantation. Four grew 
both in tissue culture and in the guinea pig, and in 
three of these cases the material used for tissue 
culture was obtained from growing transplants in 
guinea pigs. One of these tumors was the malig- 
nant melanoma illustrated in Figure 9. The pri- 
mary tumor was very cellular, and tissue from the 
fourth guinea pig generation grew in culture as 
masses of round or polygonal cells with very few 
fibroblasts (Fig. 10). Transplants in the guinea pig 
brain (Fig. 11) also showed a marked cellularity 
and frequently grew to fill a cerebral hemisphere 
(Fig. 12). Another malignant melanoma of the 
variety sometimes called “melanosarcoma” grew 
spindle-shaped tumor cells in culture but did not 
survive on heterologous transplantation. This pa- 
tient, examined 23 years after appearance of the 
first skin lesion, has numerous tumor nodules stud- 
ding her arm, but there is no clinical evidence of 
dissemination elsewhere. 

Another rather striking example of cellular 
growth is that exhibited by the epidermoid car- 
cinoma of the lung, shown in Figure 13. This ana- 
plastic and rather bizarre tumor grew well in tissue 
culture with practically no fibroblasts (Fig. 14). 
The tumor cells were vacuolated and extremely 
pleomorphic, as in the primary. Figure 15 illus- 
trates a similar appearance of the growth in the 
guinea pig’s brain, the extent of which is shown in 
Figure 16. 

Parenchymatous tissue from seven carcinomas 
of the breast obtained from involved lymph nodes 


or, In one case, from a large transplant in the guin- 
ea pig’s brain, failed to grow in tissue culture, al- 
though all, with the exception of the latter, yielded 
a good growth of fibroblasts. This one exception 
exhibited no growth of any kind and remained for 
5 months without activity or visible signs of dis- 
solution. One other case, No. 31, showed apparent 
incipient growth 2 days after planting (Fig. 17), 
but the epithelial cells never progressed beyond 
this point. After 79 days no discernible epithelial 
cells were present, and the culture consisted only 
of a mass of fibroblasts (Fig. 18). 


DISCUSSION 


Human neoplasms have been grown in tissue 
culture for a variety of reasons. Murray (7) has 
successfully utilized this method as a tool to aid in 
the clarification of cell types. It would be of defi- 
nite advantage if this method could be used as an 
aid in prognosis, particularly from the point of 
view of metastasizability. In the small series of 
tumors presented here, growth in tissue culture 
bears no definite relationship either to heterolo- 
gous transplantability or to the fate of the patient; 
however, some interesting factors are noted in 
comparing the two methods of growth. 

The most striking aspect of tumors derived 
from mesenchymal elements was their successful 
growth in tissue culture irrespective of hetero- 
transplantability or the fate of the patients con- 
cerned. This suggests either that such tumors do 
not have exacting requirements for growth in cul- 
ture or that the nutrient as used here fulfills their 
needs. Accordingly, in order to render the method 
of prognostic value, a modification of the medium 
to exclude the growth of dependent tumors would 
be essential. 

There is also a lack of correlation between tissue 
culture growth, heterotransplantability, and be- 


Fic. 1.—Histological appearance of synovioma, No. 1, pri- 


mary. 


Fig. 2.—Living culture of synovioma 5 days after planting. 


X 230. 


Fic. 3.—Histological section of a very small growth of 
synovioma in brain showing a myxoid character and very few 
cells. Animals killed 51 days after transplantation. 110. 

Fic. 4.—Histological section of fibrosarcoma, No. 4, from 


primary tumor. 


Fig. 5.—Histological section of fragment of fibrosarcoma 
taken from edge of tissue culture explant transplanted to 


guinea pig’s brain. 


Fic. 6.—Section of fibrosarcoma growing in guinea pig’s 
brain 20 days after transplantation of fragment from tissue 


culture. 300. 
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Fic. 7.—Histological section of Wilms’ tumor. 300. 

Fic. 8.—Living culture of cells from Wilms’ tumor. x 260. 

Fic. 9.—Histological section of malignant melanoma. 
460. 

Fic. 10.—Living culture of malignant melanoma. 425. 

Fic. 11.—Microscopic appearance of malignant melanoma 
growing in guinea pig's brain. «250. 

Fic. 12.—Section of guinea pig’s brain showing extent of 
growth of malignant melanoma after 106 days. <6. 
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Fic. 13.—Histological appearance of primary epidermoid 
carcinoma of lung. 

Fig. 14.—Living culture of epidermoid carcinoma of lung. 
x 300. 

Fic. 15.—Section of epidermoid carcinoma growing in 
guinea pig's brain. 250. 

Fic. 16.—Extent of growth in guinea pig’s brain of the tu- 
mor shown in Fig. 15. X6. 

Fig. 17.—Living culture of breast carcinoma 2 days after 
culturing. No further epithelial growth resulted. 260. 

Fic. 18.—Appearance of the culture shown in Fig. 17, 79 
days after planting. Only fibroblasts remain. Whole culture 
fixed and lightly stained in Carrel flask. & 120. 
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havior in the patient with the group of carcinomas 
tested, but here the discrepancy is evidenced prin- 
cipally by the failure of some tumors to grow in 
culture. Of the entire series of 33 tumors, the ten 
that failed to grow in vitro were carcinomas, and 
seven of these ten represented lymph node involve- 
ment or organic metastases of carcinomas of the 
breast. 

The failure of the breast carcinomas to grow in 
tissue culture in all seven instances in our series is 
of considerable interest. Two of the seven tumors 
grew in the guinea pig, and this growth served as 
the source of the culture material in one case. 
Coman (2) reported growth in cultures of mam- 
mary carcinomas, although he indicated that at 
least one of his series of twelve tumors formed only 
fibroblasts. Coman’s medium differed from ours 
principally in that it contained human fetal cord 
serum instead of human adult serum. This sug- 
gests that adult human serum either contains an 
inhibitory factor or is lacking in some nutrient es- 
sential for the growth of breast carcinomas. But 
Schilling, Snell, and Favata (8), who also reported 
growth in tissue culture of one of two mammary 
carcinomas planted, incorporated human plasma, 
presumably adult, in their nutrient. It is obvious 
that a considerably larger series of mammary 
tumors must be studied before any conclusions can 
be made regarding this supposition. 

If the carcinomas other than those primary in 
the breast are considered separately, nine of the 
twelve cases grew in culture. One of the three that 
did not grow in tissue culture, carcinoma of the 
thyroid, did grow in the guinea pig. In this case, 
the plasma did not clot in the usual fashion, and 
the flasks were gassed with COs. It is possible that 
this procedure was too strenuous and resulted in 
death of the explants. In the other two cases, there 
was no growth in either guinea pigs or tissue cul- 
ture. One of these represented transfer of an au- 
topsy specimen from a patient with generalized 
metastases, and it is conceivable that the tissue 
was already nonviable at the time of planting. 

The fact that certain tumors in this series grew 
in plasma clot but not under perforated cellophane 
is of interest in view of the original experience of 
Evans and Earle (3) with embryonic tissue and 


mouse sarcomas. Several other human tumors 
have been tried in Carrel flasks with perforated 
cellophane in our laboratory and have not grown, 
although chick fibroblasts have been readily 
grown under these conditions (1). Mason, Kauf- 
man, and Kinney (6), using cover-slip prepara- 
tions, have demonstrated the superiority of plasma 
clots over perforated cellophane in the migration 
of cells from human tumor explants and have dis- 
cussed possible explanations. 


SUMMARY 


Thirty-three human tumors, either malignant 
or suspected of malignancy, were explanted to 
Carrel flasks with chicken plasma clots and were 
transplanted to the eyes and/or brains of heterolo- 
gous species. Growth of recognizable tumor cells in 
tissue culture resulted with all fourteen tumors of 
mesenchymal or neurogenic origin. Growth oc- 
curred in nine of nineteen cultures of carcinomas. Of 
the ten carcinomas failing to show growth of tumor 
cells, seven were adenocarcinomas of the breast. 
There was no correlation between growth in tissue 
culture as compared to growth on heterologous 
transplantation on the one hand or the survival of 
the patient on the other. _ 
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In Vitro Incorporation of Glycine-2-C™ 


into Purines and Proteins* 


G. A. LePacE 


(McArdle Memorial Laboratory, Universtty of Wisconsin, Madison, Wis.) 


A new type of neoplastic growth was made 
available for experimental purposes with the find- 
ing by Loewenthal and Jahn (27) of the Ehrlich 
ascites-cell carcinoma. The tumor has recently 
been made available in this country by Klein (21, 
22), who has nade studies leading to the availabil- 
ity of a number of such tumors. This type of tumor 
is advantageous for the in vitro study of the syn- 
thetic reactions of growing mammalian tissue be- 
cause it provides undamaged mammalian cells 
whose viability can be tested. In addition, since 
it is obtained as a suspension of free-living cells, it 
has the inherent advantages usually available only 
with microbial cells. 

With cell suspensions of the Ehrlich ascites-cell 
carcinoma, the Gardner lymphosarcoma in C3H 
mice (6C3HED, obtained in the ascites-cell form 
in our laboratory), and with mouse liver cells ob- 
tained by the method of Kaltenbach (19), very 
appreciable incorporation of radioactivity from 
glycine-2-C"4 into proteins and nucleic acid purines 
occurred. A preliminary report of these findings 
was presented earlier (25). 


EXPERIMENTAL 


The Ehrlich carcinoma cells were obtained by 
injecting 6—10-week-old Rockland strain white 
mice! intraperitoneally with approximately 10’ 
cells per mouse in saline suspension. The cells were 
withdrawn from the mice, under light ether anes- 
thesia, with a hypodermic syringe and No. 18 
needle. They were used 5—7 days after transplanta- 
tion, when 2-5 ml. of fluid had accumulated. At 
this time the cell suspension was approximately 90 
per cent tumor cells and had a high rate of anaer- 
obic glycolysis (45-50 ul CO./hour/mg dry wt of 
tissue). Cell suspensions beyond 7 days after trans- 
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mittee on Growth of the National Research Council and in part 
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planting were not so active. The Gardner lympho- 
sarcoma cells were obtained in similar fashion from 
C3H mice 7-10 days after transplanting, at which 
time the suspensions were approximately 96 per 
cent tumor cells with a high rate of anaerobic 
glycolysis (35-45 wl CO./hour/mg dry wt). The 
suspensions of liver cells were prepared from livers 
of Rockland mice according to the procedure of 
Kaltenbach (19), with only two washes. 

Experiments with homogenates were carried out 
in fortified media as described by LePage (24). 
The tumor cells were in both cases very difficult to 
homogenize, and 100 passes in glass Potter- 
Elvehjem homogenizers were required. This left 
few intact nuclei. Experiments with whole cells 
were carried out in the medium described by Rob- 
inson (35) with glucose and bicarbonate. Glycine- 
2-C!4 was added to each vessel in a small volume 
as a water solution.” 

Warburg respirometer vessels of 60-ml. capacity 
were used as reaction flasks with 12 ml. of medium 
and approximately 35 mg. dry weight of tissue in 
each. Incubation was at 38° C. In preliminary ex- 
periments, determinations were made of adenosine 
triphosphate and of carbon dioxide evolved, and 
lactic acid produced. The adenosine triphosphate 
was maintained and the glycolytic rate was un- 
changed for 90 minutes with tumor homogenates, 
or for 180 minutes with whole cells. However, 


since the liver cells could use little glucose in tro 


(24), the rate of metabolism fell off rapidly, so that 
it was necessary in most experiments with livers to 
limit the reaction time to 30 minutes in order to 
prevent the energy supply from becoming the lim- 
iting factor. A 1-hour incubation time was routine- 
ly used in tumor experiments. . 

Each experiment was terminated by tipping In 
1.0 ml. of 26 per cent perchloric acid. The proteims 
and nucleic acid purines were isolated from each 
vessel, as follows: The precipitated material was 
transferred to a 15-ml. centrifuge in each case, 

2Specific activity of various lots, 15,800,000-20,600,000 
counts/min/mg; obtained from Tracerlab, Inc., on allocation 
by the U.S. Atomic Energy Commission. 
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centrifuged, and washed 3 times with successive 
5-ml. portions of 2 per cent perchloric acid. In 
early experiments the phospholipid was next re- 
moved by extraction with warm alcohol-ether. 
However, comparative experiments illustrated in 
Table 1 established that this was unnecessary, 
since the later steps (hot acid) effect the removal 
of any contamination from this source. 

After the three cold acid washes, each precipi- 
tate was dispersed in 3 ml. of 4 per cent perchloric 
acid and heated for 30 minutes at 90° C. in a water 
bath. The suspensions were cooled, centrifuged, 
and the extracts separated. The precipitates were 
washed once with 2 per cent perchloric, and the 
wash was added to the extract in each case. The 
protein precipitates were washed twice with ace- 
tone and dried in vacuo. The dried samples were 
ground to fine powders and plated directly on 
aluminum discs from suspensions in 25 per cent 
ethanol. These plates were dried in vacuo and 
counted in internal flow counters, and the counts 
were corrected for self-absorption. 

The extracts from the hot acid treatment con- 
tained the purines from the nucleic acids (36). 
They were almost entirely present as the free 
bases. These purine solutions were run through 
6 X 12 mm. columns of 200-400 mesh Dowex 50 
cation exchange resin,* on which the purines are 
retained. Each column was washed with 2 ml. of 
1m HCl, then water, and the purines eluted with 
4 ml. of 6 m HCl. The pyrimidine compounds were 
washed through with the 1 Nn HCl, and approxi- 
mately 98 per cent of the glycine-2-C'™ was re- 
tained on the column. The eluates were evapo- 
rated to dryness in vacuo at 37° C., taken up in a 
small volume of dilute HCl, and spotted on sheets 
of Whatman No. 1 filter paper. Descending paper 
chromatograms were run, with the isoamy] alco- 
hol-disodium phosphate system of Carter (6). This 
method has the advantage that it tolerates the 
presence of salts well. Since it does not move the 
guanine appreciably from the origin, the tertiary 
butanol-HCl system of Smith and Markham (38), 
which does move guanine, was used to check the 
purity of guanine obtained in the other system. 
Samples eluted from the first system and run on 
the second did not change in specific activity. The 
spots on the papers containing the purines were lo- 
cated with a “‘Mineralite” ultraviolet lamp, and 
each was cut out as a disc 30 mm. in diameter. 
The paper discs were counted for radioactivity di- 
rectly in internal flow counters, and the counts 


* Hydrogen form, washed to remove fines and further 


— with 6m HCl and water to remove chromogenic ma- 
rial. 


were corrected for self-absorption. Then each 
purine was eluted by the procedure of Vischer and 
Chargaff (40) and measured in a Model DU Beck- 
man spectrophotometer, with correction for a 
small absorption obtained from the paper. 

A number of samples of guanine and adenine 
were counted on the paper discs as described 
above, eluted, measured, plated on aluminum 
discs, and recounted. This gave a factor for each 
purine to correct for a self-absorption characteris- 
tic of the paper counting method above and be- 
yond the usual self-absorption correction. This 
correction was very small for adenine. That for 


TABLE 1 


RADIOACTIVITY OF TUMOR AND LIVER PRO- 
TEINS AFTER INCUBATION WITH 
GLYCINE-2-C'4 


Comparison with and without alcohol-ether ex- 
tractions to remove phospholipids. Hot acid 
treatment was used to remove nucleic acid 
subsequent to this in all cases. 

RADIOACTIVITY, COUNTS /MIN /MG 


Without With 
solvent alcohol-ether 


SAMPLE extraction extraction 
Ehrlich carcinoma 2,890 3,090 
Ehrlich carcinoma 4,870 5,100 


Mouse liver 72 70 


Each figure represents an average of duplicate determi- 
nations for radioactivity from one experiment. 


guanine was appreciable (reducing the count ap- 
proximately 40 per cent). Both were consistent 
through a number of samples. These corrections 
were used on the counts given in the tables. 

It has been reported by Christensen et al. (7, 8) 
that the Ehrlich carcinoma ascites cells concen- 
trate glycine. Since a large endogenous glycine 
content would greatly dilute the labeled precursor 
being added, a study of its apparent removal by 
washing was made. Additions of glycine-2-C" were 
made to cells centrifuged without washing and to 
cells which had been washed by resuspending in 
isotonic saline and recentrifuging. The results, il- 
lustrated in Table 2, indicate that three such 
washes are sufficient to reduce the dilution by 
endogenous glycine to a minimum. This procedure 
of washing the cells was routinely followed. 

Since the adenosine triphosphate level was 
maintained by the anaerobic glycolytic reactions, 
it was reasonable to expect that the incorporation 
of glycine-2-C™ into proteins and purines would 
not be limited by energy supply as a result of oper- 
ating under anaerobic conditions. When compari- 
sons were made with aerobic incubation with py- 

- 4 The author is grateful for the co-operation of Dr. Charles 


Heidelberger, who supervised the measurements of radio- 
activity. 
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ruvate and glucose as substrates, there was little 
difference in the rates of incorporation. This is il- 


other reactions, the subsequent work was carried. 


out under anaerobic conditions. 


lustrated in Table 3. Since there are advantages to Experiments were conducted to determine the . 
operation under anaerobic conditions, notably optimum concentration of glycine-2-C™. The re. : 
that the glycine-2-C'™ does not enter as many _ sults are summarized in Table 4. A concentration ; 

of 16.2 X 10° m was judged to be optimum (150 
a ug/reaction vessel) and was adhered to in subse. ; 
quent experiments. 
THE EFFECT OF WASHING EHRLICH ASCITES- Some experiments with homogenates of tumor ' 
CELL CARCINOMA WITH SALINE ON THE cells and mouse liver gave very low rates of incor- ; 
INCORPORATION OF GLYCINE-2-C™ INTO poration. However, when the purines extracted 
PROTEINS AND PURINES with cold acid from homogenate and whole cell 
experiments were isolated, they were found to 

— a ergy have much higher specific radioactivities than the 
WASHES Protein adenine guanine purines of the nucleic acids. Since a large pool of ; 

0 1,500 670 4, 200 adenine compounds is added to the homogenate 

medium as adenosine triphosphate and diphospho- 

3 10.700 3700 16,000 pyridine nucleotide, it appeared likely that this 

4 10,500 3,650 16,500 was at least partly responsible for low incorpora- 


1.0 M1. of packed cells were washed with 5-ml. portions 
of isotonic saline and aliquots of the cells used for 1 hour 
incubation at 38° C. with 150 yg. glycine-2-C in each case. 

sults from two flasks in the same experiment were aver- 
aged to obtain each figure above. 


tion into the nucleic acid purines of the homog- 
enate. Such additions of purine nucleotide were 
able to dilute the nucleic acid precursor pools. 


TABLE 3 
AEROBIC VS. ANAEROBIC CONDITIONS* 


Incorporation of glycine-2-C" into proteins and nucleic acid purines 


PROTEIN ADENINE GUANINE 
Aerobic Anaer. Aerobic Anaer. Aerobic Anaer. 
TISSUE c/min/mg c/min/mg c/min/mg 
Mouse liver cells 34 36 180 15 160 180 , 
Ehrlich carcinoma ascites cells 2,800 2,940 680 1,150 3,450 6,000 ' 
Gardner lymphosarcoma ascites cells 1,430 1,460 270 300 1,100 1,600 : 


_ * Robinson’s bicarbonate-glucose-medium with 5 per cent COz-95 per cent air or Ne; results of three experiments were averaged to ob- 
tain each figure above. Incubation times were 30 min. for the liver cells and 60 min. for the tumor cells. 


TABLE 4 | 


EFFECT OF GLYCINE-2-C'* CONCENTRATION ON INCORPORATION INTO PROTEINS 
AND NUCLEIC ACID PURINES OF EHRLICH CARCINOMA CELLS 


PROTEIN NA ADENINE NA GUANINE 
GLycINE-2-C4 Liver Tumor Liver Tumor Liver Tumor 
CONC. c/min/mg c/min/mg c/min/mg | 
5.4X 107m 19 2,980 180 1,330 $00 3,300 
10.8K “ 52 5,090 330 2,530 1,200 6,050 
16.2X% “m 166 6,950 405 2,630 1,200 5,500 | 
21.6X “ m 160 400 1,000 
ie ae 140 7,460 375 3,190 1,150 5,500 


The figures represent the averages of duplicate flasks in two separate experiments in each case. | 


TABLE 5 


INCORPORATION OF GLYCINE-2-C4 INTO PROTEINS AND PURINES OF WHOLE CELLS 
AND HOMOGENATES IN 60 MINUTES 


EHRLICH CARCINOMA GARDNER LYMPHOSARCOMA 


MovwsE LIVER 


Cells Homog. Cells Homog. Cells Homog. 
CoMPONENT c/min/mg c/min/mg c/min/mg | 
Protein 72 10 6,900 60 3,900 53 
NA adenine 105 15 1,900 187 990 83 
Acid-sol. adenine 17,200 1,550 61,800 5,290 39,400 4,150 | 
NA guanine 190 69 4,850 - 450 2,100 290 | 
Acid-sol. guanine 41,400 2,100 301,000 3 


Each figure represents the average of results obtained in four separate experiments. 
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Comparisons of incorporation into homogenate 
and whole cell purines and proteins are illustrated 
in Table 5. The acid-soluble guanine was present 
only in very small amounts. 

The amounts of tissue used as either homoge- 
nates or whole cells were the same for the experi- 
ments illustrated in Table 5. The incorporation 
into acid-soluble adenine of homogenates was 
quite appreciable when it is considered that some 
7 um of acid-soluble adenine are present in the 
homogenate flasks, while only 0.5 un is present in 
whole cells per flask. 

An illustration of the progress of incorporation 
with time is shown in Table 6. The incorporation 


TABLE 6 


RATE OF INCORPORATION OF GLYCINE-2-C!4 
INTO PROTEINS AND PURINES OF EHRLICH 
CARCINOMA ASCITES CELLS 


$0 MIN. 60 MIN. 

CoMPONENT (c/min /mg) 
Protein 5,150 10,100 
DNA adenine 600 2,400 
RNA adenine 1,240 2,400 
Acid-sol. adenine 60,300 108 ,000 
DNA guanine 6,000 16,000 
RNA guanine . 2,400 6 ,'700 
Acid-sol. guanine 112,000 315,000 

Each figure represents the average of results from two 
experiments. 


into protein is proportional to the incubation time, 
while a lag is evident in the entry into nucleic acid 
purines. The latter evidently involves more steps 
and is less direct. The nucleic acids for this experi- 
ment were isolated from the pooled contents of 
several reaction vessels and separated into desoxy- 
ribonucleic acid (DNA) and ribonucleic acid 
(RNA) by methods that have been described by 
Hurlbert and Potter (18). 

The finding that the acid-soluble purine com- 
pounds were more highly labeled in isotope experi- 
ments with these cells than the nucleic acid purines 
suggested that the addition of purine compounds 
to the medium as diluents for those of the 


cell interior might yield valuable information. It 


has been assumed from the early studies of Harden 
and Young (16) and Paine (29) with yeast cells 
that undamaged cells are not permeable to such 
phosphorylated intermediates as hexosediphos- 
phate. Recently, two reports have appeared in 
which E. coli cells and Ehrlich carcinoma cells 
were found to be permeable to sugar phosphate 
compounds (2, 34). The results of some experi- 
ments to test the effects of phosphorylated esters 
on Ehrlich carcinoma cells under our conditions 
are presented in Table 7. From these data it ap- 
pears that the cells are not sufficiently permeable 
to hexosediphosphate to show an effect in experi- 


ments of short duration. However, it would appear 
that adenylic acid was able to enter the cells to a 
significant extent. 

As a consequence of the above findings, experi- 
ments were carried out in which various purine 
and pyrimidine compounds were added to the me- 
dium containing Ehrlich carcinoma, Gardner 
lymphosarcoma, or mouse liver ceils incorporating 
glycine-2-C!*. The quantity of acid-soluble adenine 
compounds in the cells used for each reaction ves- 
sel was approximately 4 uM, so that an addition of 
4 wM of exogenous purine compound was used to 


TABLE 7 


EFFECTS OF PHOSPHORYLATED COMPOUNDS ON THE 
ANAEROBIC GLYCOLYTIC RATE OF 
EHRLICH CARCINOMA 


LacTiIc ACID PRODUCED 
Whole cells* Homogenatet 


ADDITION (uM per reaction vessel) 
0 0.71 0.10 
Glucose 4.85 0.30 
Glucose-+-adenylic acid (AMP) 5.65 0.52 
Hexosediphosphate (HDP) 0.73 0.55 
Glucose+ diphosphopyridine 4.90 3.20 
nucleotide (DPN) 
Glucose+HDP 5.00 2.20 
Glucose +HDP+AMP+DPN 5.70 5.45 
* In Robinson medium (35). 
Adequate Kt and Mg**. 


Each figure represents the average of results from two experiments. 
The incubation time was 60 min. 


give about tenfold dilution. The quantity of nu- 
cleic acid purine in the cells was much greater than 
that of the acid-soluble fraction.® The results are 
illustrated in Tables 8-10. The effects observed 
were for the pooled nucleic acid of the cells. Hence, 
it was of some interest to determine whether these 
effects applied to both RNA and DNA. Experi- 
ments in which the two were separated are sum- 
marized in Table 11. Data presented in each of the 
Tables 1-11 represent the mean values obtained 
from two to four experiments in each case. The re- 
sults were sufficiently reproducible that two ex- 
periments appeared sufficient in most cases. 


DISCUSSION 

A number of interesting and informative publi- 
cations have appeared concerning the use of in 
vitro systems to study the incorporation of labeled 
amino acids into the proteins of slices and homoge- 
nates (3, 10, 20, 31, 37, 42, 43). It has been indi- 
cated that such incorporations are dependent on 
oxidative energy supply (12). Such dependency on 
oxidative reactions probably results from the use 
of conditions which do not permit maintenance of 
energy under anaerobic conditions. The rates of 

5 The quantity of Ehrlich carcinoma cells used for each re- 


action vessel contained roughly 3 uo of nucleic acid adenine and 
6 um of nucleic acid guanine. 
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TABLE 8 


EFFECTS OF ADDED* PURINE AND PYRIMIDINE COMPOUNDS ON THE INCORPORATION OF 
GLYCINE-2-C INTO THE PURINES OF Ehrlich Carcinoma CELLS 


NUCLEIC ACID 


ApDITION 


0 
Adenine 
Adenosine 
Adenylic-3-P 
Adenylic-5-P 
Guanine 
Guanosine 
Guanylic 
Hypoxanthine 
Inosinic-5-P 
Cytidylic 
Uridylic 
Uridine 


Adenine Guanine 

310 1,730 
20 216 
103 590 
151 735 
75 385 
320 1,790 
340 425 
325 605 
52 275 
155 285 
325 1,950 
295 1,745 
320 1,850 


* Four um per reaction vessel. 


+t Poor recovery—guanine being converted to something else. 


Adenine 


13,500 
1,690 
1,990 
2,900 
1,550 

14,000 

10,000 

13,800 
2,950 
6,700 


AcID-SOLUBLE 


Guanine Hypoxanthine 
c/min/pM 
11,500 
13,800 
7, 2007 
1,105 
1,200 
4,800 
4,150 


Each figure above represents the average of results from three separate experiments. 


TABLE 9 


EFFECTS OF ADDED* PURINE AND PYRIMIDINE COMPOUNDS ON THE INCORPORATION 
OF GLYCINE-2-C"4 INTO THE PURINES OF MOUSE Liver Cells 


NUCLEIC ACID 


ADDITION 


0 
Adenine 
Adenosine 
Adenylic-3-P 
Adenylic-5-P 
Guanine 
Guanosine 
Guanylic 
Hypoxanthine 
Inosinic-5-P 
Cytidylic 
Uridylic 
Uridine 


Adenine Guanine 
c/min/pM 
Trace Trace 
“ “ 
“ “ 
“ “ 
“ “ 
“ “ 
“ “ 
“ “ 
« 
“ 


* Four uo per reaction vessel. 


t Poor recovery 


being converted to something else. 


Adenine 


2,320 
120 
530 
180 

1,230 

1,530 
880 

1,070 

2,030 

2,580 

2,520 

2,150 

2,500 


AcID-SOLUBLE 
Guanine Hypoxanthine 
c/min/uM 
1,590 
1,770 
520 
1,230 
530 
6, 
310 
215 
530 
1,690 


Each figure above represents the average of results from two separate experiments. 


TABLE 10 


EFFECTS OF ADDED* PURINE COMPOUNDS ON THE INCORPORATION OF GLYCINE- 
2-C'4 INTO THE PURINES OF GARDNER LYMPHOSARCOMA CELIS 


ADDITION 


0 
Adenine 
Adenosine 
Adenylic-3-P 
Adenylic-5-P 
Guanine 
Guanosine 
Guanylic 
Hypoxanthine 
Inosinic-5-P 


Adenine Guanine 
c/min/uM 
213 178 

32 51 
21 $1 
80 51 
109 84 
203 50 
130 20 
116 22 
43 14 
90 90 


NUCLEIC ACID 


* Four uM per reaction vessel. 


t Poor recovery 


Adenine 


5,870 
132 
354 
351 
604 

4,050 

2,430 

2,300 
885 

3,210 


being converted to something else. 


ACID-SOLUBLE 


Guanine Hypoxanthine 
c/min/uM 
8,770 
6,750 
5,900 335 
8,900 
8,200 
2,7007 
368 
382 
3,600 581 
7,900 527 


Each figure represents an average of results from two separate experiments. 
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incorporation reported in Table 3 compare well 
with those obtained by the other workers cited, 
and, although there may be other test conditions 
which would be more favorable to the aerobic in- 
corporation, the significant feature of these experi- 
ments which is lacking in the other reports is the 
demonstration that ATP was maintained by the 
conditions used. 

The performic acid and thioethanol treatments 
described by Peterson and Greenberg (30) were 
applied to a number of the radioactive protein 
samples described here. The residual protein from 
either treatment consistently contained 46-51 per 
cent of the initial radioactivity. 

Some disagreement exists regarding the oxida- 
tive capacity of tumor cells (28, 32, 41, 44). How- 
ever, from analyses for lactate content of the blood 
entering and leaving tumors (9) and from analyses 
of tumors frozen in situ (23), it is apparent that 
such tumors operate with an oxidative deficiency. 
It is probable that conditions of low oxygen ten- 
sion exist in the embryo, in damaged tissues, and 
perhaps in all situations where rapid growth is 
called forth. In any event the interpretations are 
simpler in studies of the incorporation of amino 
acids into tissues under anaerobic conditions than 
with the added complexities of oxidative path- 
ways superimposed. 

In contrast to the relative wealth of information 
available on 2m vitro incorporation of labeled pre- 
cursors into proteins, there are few published 
studies concerning in vitro incorporations into nu- 
cleic acid purines. Gerarde ef al. (11) have studied 
the entry of P*® into the nucleic acids of roller tube 
cultures of chick embryo. Abrams and Goldinger 
(1) studied the incorporation of radioactive pu- 
rines and formate into nucleic acids of rabbit bone 
marrow slices and concluded that hypoxanthine 
was a precursor of nucleic acid adenine and 
guanine. Reichard and Bergstrom (33) studied the 
incorporation of N®-glycine into polynucleotide 
purines in slices and homogenates of regenerating 
liver. The incorporation was considerable for slices 
but insignificant in homogenates. Some recent ex- 
periments in vitro with preparations of bird liver 
by Greenberg (13, 14) and Buchanan (5) have re- 
sulted in the finding that hypoxanthine could be 
synthesized from labeled CO», formate, and glycine 
and that the synthesis was via inosinic acid. 

In Tables 8-10 it can be seen that (a) the acid- 
soluble purines are of a higher order of radioactiv- 
ity than those of the nucleic acids. Although incor- 
porations into the liver cell nucleic acids occurred, 
they were very low in this limited incubation pe- 
riod (30 min.) and hence are recorded as “‘traces’’; 
(b) the addition of adenine, adenine nucleoside, or 


adenine nucleotide all diluted the radioactivity 
reaching both the nucleic acid adenine and the 
nucleic acid guanine of either tumor; the latter is 
reminiscent of the findings of Brown (4) on inject- 
ing adenine into rats, in which the adenine was in- 
corporated into both adenine and guanine of the 
liver nucleic acids; (c) the addition of guanine has 
no effect on the radioactivity of the nucleic acid 
purines of Ehrlich carcinoma cells but dilutes that 
reaching the nucleic acid guanine of the lympho- 
sarcoma; (d) the addition of guanine nucleoside or 
nucleotide influences nucleic acid guanine only in 
the carcinoma but influences both nucleic acid 
purines in the lymphosarcoma; (e) the addition of 


TABLE 11 
EFFECTS OF ADDED PURINE NUCLEOTIDE ON THE INCOR- 
PORATION OF GLYCINE-2-C'4 INTO PURINES OF DNA 
AND PNA OF EHRLICH CARCINOMA CELLS 


DNA RNA 
Adenine Guanine Adenine Guanine 
ADDITION c/min/pM 
0 84 205 826 1,130 
Adenylic-5-P* 32 66 65 115 


* Four uM per reaction vessel. 


Each figure represents the average of results obtained in two separate 
experiments. 


hypoxanthine or hypoxanthine nucleotide dilutes 
the radioactivity reaching both nucleic acid pu- 
rines in both tumors, just as do the corresponding 
adenine compounds; when adenosine is added, 
there is always a relatively large amount of hypo- 
xanthine present on the chromatograms, of com- 
parable activity to the adenine, indicating that it 
is probably reversibly deaminated in these cells; 
(f) the addition of several pyrimidine compounds 
had no appreciable influence on the entry of radio- 
activity into nucleic acid purines; (g) the guanine 
was considerably more radioactive in the car- 
cinoma nucleic acids, but the adenine had the 
higher activity of the two in the lymphosarcoma 
cells; in the carcinoma cells the acid-soluble ade- 
nine pool is roughly 60-fold larger than that of 
guanine, while in the lymphosarcoma the adenine 
pool is the larger by roughly 25-fold; (h) although 
the amount of radioactivity reaching the nucleic 
acid purines is lowered by diluting the acid-soluble 
purines, it does not appear that the total entry of 
radioactive glycine into purine is lowered, since the 
total number of counts obtained when computed 
for all the cellular adenine or guanine after con- 
sideration for the increased amount of acid-soluble 
purine, is the same whether exogenous purine is 
added or not. The report of Goldthwait and 
Bendich indicated that injected adenine slowed 
the entry of formate into rat nucleic acids (15). 

From Table 11 it is evident that the addition of 
purine compounds to the medium dilutes the radio- 
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activity entering both DNA and RNA purines. 
However, though the amounts of each in these 
cells are roughly the same, the effect is much more 
pronounced in the case of RNA. This may relate 
to the fact that the added material was a ribotide, 
while the purine components of the DNA are 
desoxyribotides, or it may indicate a nuclear mem- 
brane effect. In view of the finding by Hurlbert 
(17) that the acid-soluble uridine phosphate has 
the phosphate in position 5 on the ribose, it is 
worth noting that the adenylic acid which is a 
ribotide with the same phosphate linkage can ac- 
complish this dilution effect. 

The extent of the incorporations studied here 
can be illustrated by the calculation that approxi- 
mately 15 per cent of the added glycine-2-C"™ was 
incorporated into the proteins of Ehrlich car- 
cinoma cells in a 1-hour incubation, while approxi- 
mately 0.6 per cent entered the cell purines. 

The interpretation of these results will be great- 
ly aided by studies now being carried out in this 
laboratory to determine the form of each purine 
compound after the incubation with the cells, since 
it is necessary to know whether, for example, the 
added adenine has been converted to a riboside or 
ribotide. Studies are also being made to determine 
the relative specific radioactivities of the various 
endogenous purine compounds of the acid-soluble 
fraction at intervals after the addition of the 
labeled precursor. 

This in vitro study has been carried on concur- 
rently with in vivo studies of the incorporation of 
glycine-2-C!* into proteins and nucleic acid pu- 
rines of normal and neoplastic rat tissues (26, 39). 


SUMMARY 


In vitro experiments with whole-cell prepara- 
tions of Ehrlich carcinoma, Gardner lymphosar- 
coma, and mouse liver led to extensive incorpora- 
tion of glycine-2-C'* into the cell proteins and 
nucleic acid purines. With homogenates the extents 
of incorporation were much lower. The acid-soluble 
purines had a higher order of radioactivity than 
those of the nucleic acids. The addition of various 
purine compounds to the medium led to dilution of 
the radioactivity reaching the nucleic acid purines 
in certain cases. This dilution took place in both 
DNA and RNA, but to a larger extent in the RNA. 
The amounts of incorporation were equally high 
under aerobic or anaerobic conditions and were 
routinely studied under anaerobic conditions. 
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Intracellular Distribution of Radioactivity 


in Nucleic Acid 


Nucleotides and Proteins Following Simultaneous Adminis- 
tration of and Glycine-2-C""t 


EVELYN PEASE TYNER, CHARLES HEIDELBERGER, AND G. A. LEPAGE 


(McArdle Memorial Laboratory, The Medical School, University of Wisconsin, Madison 6. Wis.) 


INTRODUCTION 


For some time we have been interested in a 
comparison of nucleic acid and protein synthesis in 
normal and neoplastic tissues (23, 33, 34, 49) and 
in the mechanisms of these processes. To that end, 
the incorporation of glycine-2-C' into proteins 
and chromatographically purified nucleic acid 
purines has been studied in some detail. It ap- 
peared desirable to extend the scope of the project 
to an investigation of the simultaneous incorpora- 
tion of precursors of two different moieties of the 
nucleotide molecule into the nucleic acids of vari- 


ous structural and functional elements of the cell. | 


For this purpose, P*? and glycine-2-C'* were 
chosen. 

It is now well established that ribonucleic acid 
(RNA) behaves in an intracellularly heterogeneous 
fashion. In 1948 Marshak (36) reported that con- 
siderably more P*? was incorporated into the RNA 
of the nucleus than of the cytoplasm. This observa- 
tion was extended by Jeener and Szafarz (29), 
who obtained three cytoplasmic fractions by dif- 
ferential centrifugation and found that the P* 
specific activity of the RNA differed in each frac- 
tion. Such a difference was not observed by Rei- 
chard (42), using glycine-N" as a precursor. An ex- 
tensive study of P* specific activity-time relation- 
ships in cell fractions of desoxyribonucleic acid 
(DNA), RNA, phosphoproteins, and inorganic 
phosphate has been carried out by Barnum and 
Huseby (3) and Barnum et al. (4), which has en- 
abled them to perform calculations which bear on 
turnover rates of the processes involved. This 
work further established the intracellular hetero- 
geneity of nucleic acids. 


* This work was supported by a grant from the Wisconsin 
Section of the American Cancer Society, and by the Alexander 
and Margaret Stewart Trust Fund. 

7 An abstract of part of this work has been published in 
Fed. Proc., 11:300, 1952. 
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Because the danger of contamination of nucleic 
acids by impurities of high specific activity has 
been clearly demonstrated and recognized (14), 
some workers have chosen to work only with 
chromatographically purified compounds. Thus, 
Volkin and co-workers (48, 51) have determined 
the specific activities of mononucleotides, isolated 
from DNA and RNA, after the administration of 
P*? or of formate-C!4. They found that mononu- 
cleotides from the same nucleic acid differed 
among themselves in specific activity. Similar re- 
sults were obtained in a time study by Boulanger 
et al. (7). Hultin et al. (26) have shown small dif- 
ferences among the nucleotides. Davidson, Mc- 
Indoe, and Smellie (15) have combined the tech- 
nics of cell fractionation with those for the isola- 
tion of individual nucleotides in a preliminary re- 
port on the uptake of P*? by ribonucleotides in rat 
liver cell fractions. 

Considerable attention has been given to a 
comparison of the incorporation (sometimes in- 
correctly referred to as “‘turnover’’) of precursors 
into DNA and RNA of nongrowing tissue. Brues 
et al. (10) showed a fivefold greater specific ac- 
tivity of RNA as compared to DNA following ad- 
ministration of P*?; Hammarsten and Hevesy (22) 
report factors of 10-33 for similar cases. Brown 
and co-workers (9), using labeled adenine, re- 
ported an incorporation ratio for liver RNA: DNA 
of 100:1. In striking contrast to those results, we 
have reported (23, 33, 49) that glycine-2-C" is in- 
corporated rapidly and extensively into the pu- 
rines of both nucleic acids with a specific activity 
ratio RNA: DNA of about 2:1. Independent stud- 
ies by Elwyn and Sprinson (19) with glycine and 
formate, Abrams (2) with the same precursors, an 
Totter et al. (48) with formate supported this find- 
ing of appreciable synthesis of DNA purines. In an 
attempt to reconcile these differences we have 
suggested (23, 49) that two separate pathways or 
mechanisms of DNA synthesis must exist. One 
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could involve the synthesis of nucleic acids from 
preformed adenine, carbohydrate, and_ phos- 
phorus; the other, the incorporation of small- 
molecule building blocks into a skeleton already 
containing the carbohydrate and phosphorus moi- 
eties. Support for this concept appeared to have 
been provided by the experiment of Furst and 
Brown (20), who administered glycine-N® and 
adenine-8-C!* simultaneously and found con- 
siderably more N® than C'4 in the DNA. The 
present work appears to show that this concept is 
incorrect. 

In order to clarify these and other points, the 
present comprehensive investigation was under- 
taken. Glycine-2-C!! and P*? were administered 
simultaneously to normal and tumor-bearing rats. 
The livers and tumors were subjected to cell frac- 
tionation. Mononucleotides were isolated from the 
DNA and from the RNA of each cell fraction, and 
their specific activities with respect to each isotope 
were determined. Several time intervals were em- 
ployed to increase the validity and scope of this 
work. In addition, the specific activities of the 
ultimate precursors (glycine and inorganic phos- 
phorus) were determined as well as those of the 
acid-soluble and -insoluble phosphorus. The C" 
contents of the proteins of each cell fraction were 
determined. The tumor chosen for study was the 
Flexner-Jobling carcinoma, a rapidly growing, 
highly anaplastic rat tumor. It was hoped that by 
this approach a considerable amount of new in- 
formation might be gained concerning the bio- 
chemical mechanism of nucleic acid synthesis and 
the differences between tumor and liver. This in- 
formation might to some extent bridge the gap 
between the biochemical and cytochemical ap- 
proaches. Some of these hopes have, at least in 
part, been realized. 


EXPERIMENTAL 


Female rats,! weighing 150-170 gm., were used. 
Half of these had 10-day-old multiple, subcutane- 
ous transplants of Flexner-Jobling carcinoma, and 
the other half were nontumor-bearing controls. A 
single intraperitoneal injection of 33.4 ye. of P*?? 
and 13.3 we. of glycine-2-C'* (0.8 mg.)*/100 gm 
body weight was given to each rat; three animals 
were used in each experiment. In both the normal 
and tumor-bearing series, the animals were sacri- 


1 Obtained from the Holtzman-Rolfsmeyer Rat Co., Madi- 
son, Wis. 


* The P®? was supplied to us by Dr. E. C. Albright of the 
Department of Medicine, University of Wisconsin, on alloca- 
tion from the U.S. Atomic Energy Commission. 


*The glycine-2-C' was purchased from Tracerlab, Inc., 
on allocation from the U.S. Atomic Energy Commission. 


ficed 2, 5, 12, and 48 hours after injection. Stock 
grain diet and tap water were provided. After the 
appropriate interval the rats were decapitated, 
and their livers were perfused with cold isotonic 
sucrose (0.25 m). The livers or tumors were then 
pooled, minced, homogenized in cold isotonic su- 
crose, and carried through a modification of the 
differential centrifugation procedure of Schneider 
and Hogeboom (44) at 0—4° C. The outline of the 
experiment is shown in Chart 1. 


Preparation of cell fractions —The homogenate was centri- 
fuged at 600-700 g for 10 minutes, the supernatant liquid was 
removed, and the nuclei were resuspended in the sucrose solu- 
tion and recentrifuged twice. The nuclei were then suspended 
in 2 per cent citric acid (16) and were allowed to stand at 0° for 
several hours to facilitate the removal of cytoplasmic con- 
tamination. The combined supernatant fluids (S;) were centri- 
fuged at 5,000 g for 10 minutes to obtain mitochondria. The 
fraction was resuspended and centrifuged at 7,000 g and again 
at 9,000 g. Under these conditions the “‘poorly sedimented 
layer’ (40) was included in the mitochondrial fraction, since it 
has been shown (31) that this material contains a larger pro- 
portion of RNA than do the larger mitochondria. The mito- 
chondria were then suspended in water. The combined super- 
natant liquids (S2) were sedimented in an air-driven centrifuge 
at 120,000 g for 36 minutes. The supernatant liquid (S;) was 
removed, and the microsomes were resuspended in water. The 
nuclei, which had been left in citric acid, were centrifuged, 
washed again with citric acid, and then washed several times 
with 2 per cent acetic acid until the supernatant fluid was clear 
and the nuclei appeared free of cytoplasmic contamination 
when observed under the phase microscope. These washes 
were pooled; analyses (43) showed little DNA, but considerable 
RNA and protein present. Analyses were routinely carried out 
on all fractions and are summarized in Table 1. ““Tumor-bear- 
ing liver’ refers to the livers of tumor-bearing rats. 

An aliquot of the original homogenate was used for the de- 
termination of the specific activities of the acid-soluble and 
acid-insoluble phosphorus and of the free glycine (23). 

Isolation of nuclei from liver using a nonaqueous medium.— 
In order to investigate the changes in specific activities of the 
protein and RNA that are extracted during the preparation of 
the citric acid-washed nuclei, it appeared desirable to isolate 
nuclei with a nonaqueous medium. Our application of the modi- 
fication of Dounce et al. (19) of Behrens’ technic (5) led to 
“‘nuclear’” preparations containing distorted nuclei that were 
grossly contaminated by cytoplasmic material. The ethylene 
glycol procedure of Neff (37) was found to yield well formed 
nuclei, admixed with cytoplasmic fragments that could not be 
removed by differential centrifugation or by filtration through 
bolting silk and flannelette. However, some data were collected 
with this preparation and were compared to “citric acid nuclei” 
obtained from the same liver mince. 

Isolation of nucleic acids and proteins from cell fractions.— 
The preparation of nucleic acids was carried out by a modifica- 
tion of the method of Hurlbert and Potter (27) as follows: 
Each cell fraction at 0° was made 0.4 N with respect to perchlo- 
ric acid, and the precipitate was centrifuged and washed twice 
with 0.4 n perchloric acid and then twice with 95 per cent 
ethanol. Lipids were extracted at 40°-50° by three washes with 
3:1 ethanol-ether. The residue was suspended in 10 per cent 
NaCl and neutralized with NaOH; a small amount of saturated 
NaHCO solution was added to maintain a slight alkalinity. 
The supernatant liquid after centrifugation was discarded, the 
residue was resuspended in 5 volumes of 10 per cent NaCl 
(neutral or slightly alkaline), and the mixture was heated for 1 
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hour at 100° to extract the nucleic acids. After centrifugation, 
the supernatant liquid was filtered through glass wool, and the 
process was repeated on the residue with 3 volumes of the 
NaCl solution and with 30-minute heating. The residue was 
washed twice with 5 per cent trichloroacetic acid and twice 
with acetone, and was dried in vacuo over sulfuric acid. This 
material was used for the determination of the C' specific 
activity of the protein. The NaCl extract was treated with 3 
volumes of cold ethanol and allowed to stand at 0° overnight. 
The precipitated sodium nucleates were obtained by centrif- 
ugation. 

Preparation and analysis of mononucleotides.—In order to 


tration of formic acid from 0-5 m (11). The four nucleotides 
came off the column in the order cytidylic, adenylic, guanylic, 
and uridylic acid, and were located by spectrophotometric 
analysis of the individual tubes. Considerable information op 
the purity of the compounds was gained by measuring the 
ratio of the absorption at 260 and 290 my. Volkin et al. (52) 
have developed chromatographic procedures for the separation 
of the adenylic and cytidylic desoxyribonucleotides from the 
corresponding ribonucleotides. When this method was applied 
to typical radioactive desoxynucleotides, the specific activities 
were unchanged, and no peak was found in the ribonucleotide 
location on the chromatogram. This established that the DNA 


p32 C4 
ADENYLIC — ADENINE + H,PO, 
‘DNA _,JGUANYLIC GUANINE « 
CYTIDYLIC 
THYMIDYLIC 
| NUCLEI aod, GUANYLIC — GUANINE « 
CYTIDYLIC 
URIDYLIC 
| PROTEIN 
ADENYLIC — ADENINE « 
( CYTIDYLIC 
LIVER MITOCHONDRIA-> 4 URIDYLIC 
OR TUMOR | PROTEIN 
HOMOGENATE ADENYLIC ADENINE 
GUANYLIC — GUANINE 
( CYTIDYLIC 
MICROSOMES { URIDYLIC 
| PROTEIN 
ADENYLIC — ADENINE «“ 
GUANYLIC — GUANINE 
( CYTIDYLIC 
_SUPERNATE ——— 4 URIDYLIC 


| PROTEIN 


Cuart 1.—Isolation of proteins, nucleic acid nucleotides and purines from cell fractions 


hydrolyze the RNA samples to mononucleotides and to accom- 
plish the separation of DNA in the nuclear fraction from RNA, 
each sodium nucleate sample was treated with 0.1 n NaOH 
(approximately 1 ml/10 mg of sodium nucleate) at 37° for 15- 
20 hours. (It was found necessary to reduce the time of this 
incubation to 10 hours for the preparations from tumor.) The 
samples were cooled to 0°, and concentrated HCI was added to 
an excess concentration of 0.1 m. The precipitated DNA of the 
nuclear fractions was centrifuged rapidly, and the supernatant 
fluid (containing nuclear RNA) was removed and filtered. 
The DNA was washed carefully with cold dilute HCI and dis- 
solved in 0.1 n NaOH. Analysis (43) showed that there was 
consistently less than 1 per cent RNA contamination in the 
DNA preparations. The RNA solutions after neutralization 
were ready for ion-exchange chromatography. The DNA was 
subjected to a double enzymatic hydrolysis with DNA-ase and 
phosphatase (28, 35, 52) to produce the desoxymononucleo- 
tides, which were then separated by ion-exchange chromatog- 
raphy. 

The chromatographic procedure was a modification of the 
methods of Cohn (13) and involved the use of a Dowex-1-for- 
mate column and elution with a gradually increasing concen- 


nucleotides were contaminated with less than 0.05 per cent of 
RNA nucleotides. 

After the spectrophotometric analyses were carried out, 
tubes were pooled so that duplicate samples of each nucleotide 
were obtained. These were dried in vacuo over CaCl, and 
NaOH under an infrared lamp to remove the formic acid. (Heat 
was not used on the DNA preparations.) Each dried nucleotide 
sample was dissolved in 5.0 ml. of 0.1 N HCl, and was counted 
for P®? in an annulus counter. * 5 This counter had an efficiency 
of 17 per cent for P®, and the glass walls were of sufficient 
thickness to absorb all the C"," so that only the P*? was counted. 
After appropriate dilution, the concentration of nucleotide in 
each solution was determined spectrophotometrically with the 
use of the constants of Hotchkiss (24), and the specific activity 
of the P® in ywce/um was calculated. 


4 Obtained from Radiation Counter Laboratories, Skokie, 
Ill., Mark 1, Model 70. The side arms were modified so that the 


counter contained a constant volume of liquid. 


® We acknowledge the assistance of Mr. Sherwyn Woods 
for the P®? counting, and of Mrs. Edith Wallestad, Miss Nancy 
Lake, and Mrs. Dorothy McManus for the C!* determinations. 
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Preparation and analysis of the purines.—The purine nu- 
cleotides were hydrolyzed in 1 Nn HC] for 1 hour (RNA) or 20 
minutes (DNA). The samples were then diluted 1:4 with water 
and a 10X molar excess of carrier phosphoric acid was added. 
The mixtures were put on small (6 X 10 mm.) columns of 
Dowex-50 resin. The columns were washed with 25 ml. of 
water and 1.5 ml. of 2 N HC], which removed all the phosphate. 
The purines were then eluted with 4 ml. of 6 N HCl, evaporated 
to dryness in vacuo, dissolved in 0.05 n HCl, plated by evapora- 
tion onto tared aluminum discs, and counted for C4. No P® 
was found to contaminate these preparations. The purines 
were eluted from the aluminum dise with 0.1 N HCl] and de- 
termined spectrophotometrically (49). The specific activities 
in pe/pM were calculated. These measurements of radioactivity 
were made in internal flow counters and were corrected for 
self-absorption. They were counted sufficiently long to reduce 
the statistical error to less than 10 per cent.® 

Measurement of the specific activity of the protens.—The 
finely ground protein samples were suspended in 25 per cent 


ethanol, spread evenly on aluminum discs, and dried in vacuo. 


They adhered firmly to the plates. They were counted with an 
end-window counter with and without aluminum absorbers of 
various thicknesses to differentiate the C!4 and P®. By means 
of empirical factors, the specific activity (uc/mg) of the C™ in 
the protein was calculated. 


RESULTS 


Analyses of the biological material.—To define 
rigorously the nature of the biological material 
with which we were dealing, analyses for nucleic 
acids and proteins within the various cell fractions 
were carried out routinely throughout the series of 
experiments. The results are shown in Tables 1 and 
2, which represent the average of values obtained 
from at least twelve animals. Data similar to these 
have been reported many times from a number of 
laboratories, but the discussion will be restricted 
to the analyses at hand. It will be noted from 
Table 1 that there is a markedly larger quantity of 
DNA and nuclear RNA per gram of tissue in the 
tumor as compared to the normal liver and that 
“tumor-bearing” liver is intermediate. There is 
considerably less mitochondrial and microsomal 
RNA in the tumor and more in “tumor-bearing” 
liver, as compared to normal liver. With regard to 
the supernatant fraction, the tumor has a higher 
content of RNA than either the normal or “tumor- 
bearing”’ livers. 

In Table 2 are shown the protein contents of the 
tissues, and once again the quantity in the mito- 
chondria of the tumor is strikingly smaller. It is 
also seen that the majority of the protein in the 
nuclear fractions from liver is extracted during the 
citric acid washes. Although it was not feasible to 
measure the absolute protein content of nuclei 
prepared by the ethylene glycol procedure, the 
ratio of protein to DNA was approximately twice 
that found for the citric acid-washed nuclei. The 
protein contents of the fractions from normal and 
“tumor-bearing” livers did not differ significantly, 


in contrast to the results, just cited, for the 
nucleic acid analyses. 

Calculation and graphic representation of results. 
—In the case of the purines or nucleotides, the 
specific activities were first obtained in cpm/ym 
of compound. These were then converted into 
absolute values by the application of the known 
counter efficiencies. The C" specific activities were 
then multiplied by 2.50, which corrects the values 


TABLE 1 


NUCLEIC ACID CONTENT OF TISSUES 
uG/GM TISSUE (WET WEIGHT) 


“*Tumor- 
bearing” 
Normal liver liver* Tumor 
DNA 
Nuclei 1,350 1,610 3,690 
RNA 
Nuclei 240 424 1,220 
Mitochondria 782 1,050 292 
Microsomes 1,685 2,215 910 
Supernatant 436 482 770 


* Livers from tumor-bearing rats. 


TABLE 2 


PROTEIN CONTENT OF TISSUES IN 
MG DRY WT/GM TISSUE 
(WET WEIGHT) 


**Tumor- 

bearing” 
Normal liver liver Tumor 
Homogenate 173.0 141.0 109.0 
Nuclei (citric acid) 5.2 6.7 18.5 
Nuclear citric acid 23.1 26.2 12.5 

washings 

Mitochondria 36.6 35.5 4.9 
Microsomes 21.1 23.9 10.5 
Supernatant 31.1 30.2 27.3 


to a dose equivalent in radioactivity to that of the 
P%. All specific activities are expressed in ue X 
10-*/um, a quantity that is comparable to specific 
activities computed as the per cent of the ad- 
ministered dose. The specific activities are graphed 
as a logarithmic plot against time. Since measure- 
ments were made at only four time intervals, the 


points are connected by straight lines, and no at- 


tempt was made to construct smooth curves. 

To calculate the total radioactivity per gram of 
tissue, it was necessary to know the nucleotide 
composition of the nucleic acids. The values used 
were those of Wyatt (53) for DNA and of Volkin 
and Carter (50) for RNA. Although the ion-ex- 
change separation of the nucleotides in these ex- 


periments was designed from the point of view of 


purity, rather than that of quantitative recovery, 
it appeared that in the tissues and fractions we 
have studied the nucleotide composition is very 


close to that given in Table 3. Knowing the spe- 
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cific activity, the nucleotide composition (Table 
3), and the nucleic acid content (Table 1), the 
total radioactivity, expressed as uc X 107-*/gm of 
tissue was calculated. These data are also plotted 
logarithmically against time. 

Acid-soluble and -insoluble phosphorus and un- 
combined glycine.—The specific activities of the 
acid-soluble and -insoluble phosphorus and of free 


TABLE 3 


PER CENT COMPOSITION OF NUCLEOTIDES 
IN NUCLEIC ACIDS 


(Wyatt [53], Volkin and Carter [50]) 


DNA RNA 
Adenylic acid 28.7 17.9 
Guanylic acid 21.4 32.8 
Cytidylic acid 20.4 33.9 
Uridylic acid 15.3 
Thymidylic acid 28 .4 
Methyleytidylic acid 1.1 


the “‘true”’ pool size with any degree of precision, 
but it is felt that, on the basis of the presently 
available data, the conclusion that the phosphorus 
and glycine pool sizes are similar is justifiable. 
This result makes the interpretation of subsequent 
data more feasible. 

Chart 3 shows the total radioactivity of the 
acid-soluble and -insoluble phosphorus. Again, the 
two types of livers gave similar results. The total 
P*? in the acid-insoluble fraction, which includes 
nucleic acids and phosphoproteins, increases with 
time, although the acid-soluble P and the sum of 
the two decreases. 

Adenylic acid P*® from nucleic acids.—The spe- 
cific activities of adenylic acid-P*? from the indi- 
vidual cell fractions are shown in Charts 4 and 5. 
It is evident that the specific activities of all frac- 
tions of the tumor are higher than the correspond- 


OO SPEGIFIG ACTIVITY OF ACID-SOLUBLE & ACID-INSOLUBLE & FREE GLYCINE cl4 


TUMOR BEARING LIVER TUMOR 
sal AFREE GLYCINE 
- FREE GLYCINE d 
a 
x 
© 5+ ‘ 
Pl ° 
2 5 l2 48 © 5 I? 48 
TIME -HOURS 
CHART 2 


glycine in “tumor-bearing” liver and in tumor are 
shown in Chart 2. There is no appreciable differ- 
ence between the livers from normal and tumor- 
bearing rats with respect to these substances. The 
specific activities for tumor are significantly higher 
than those for the livers, which shows that the 
tissues are not in complete equilibrium with re- 
spect to the ultimate precursors, even after 48 
hours. | 

Because the specific activity-time curves of the 
acid-soluble phosphorus and free glycine show 
good agreement at almost every time studied, and 
because the doses of the labeled precursors have 
been equated, we conclude that the pool sizes of 
these precursors must be similar. In this type of 
experiment it is difficult or impossible to measure 


ing samples from liver and that there is less spread 
among the fractions in tumor than in liver. This Is 
true for all four nucleotides. It will also be noted 
that there is no significant difference between the 
RNA of normal and “tumor-bearing” liver in any 
cell fraction. 

In the case of the DNA adenylic acid-P*® it is 
found that, for the tumor, there is a considerable 
increase of specific activity with time and that it 
corresponds fairly closely with the cytoplasmic 
RNA. On the other hand, in normal liver, the 
specific activity of the DNA at 2 hours appears 
surprisingly high and increases very little more 
with time, so that at-12 and 48 hours it is much 
lower than the cytoplasmic RNA. It is felt that the 
data at all times are valid, because it has in- 
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variably been shown that there was less than 1 per 
cent RNA contamination in these samples and, in 
certain cases, less than 0.1 per cent. 

Examination of the curves for the RNA ade- 
nylic-P*? shows, in agreement with the work of 
others (3, 4, 15, 29), that the nuclear fraction has 
a much higher specific activity than the cyto- 
plasmic fractions; at 2 hours it is 45 times higher 
than the specific activity of the mitochondrial 
adenylic acid. In the liver, the specific activity of 
the nuclear RNA decreases with time, whereas in 
the tumor it increases. At early times, the order of 
decreasing specific activity always found was nu- 


clear, supernatant, microsomal, and mitochondrial 
RNA. That this is true for all the nucleotides is 
illustrated by Chart 6, which shows cytidylic 
acid-P**, although there are individual quantita- 
tive variations among the individual nucleotides. 
By means of these chromatographic technics we 
are able to find significant differences in specific 
activity between the mitochondrial and micro- 
somal fractions, which others have been unable to 
observe (3, 4, 42). 

In Chart 7 is shown the total adenylic acid-P*? 
per gram of tissue versus time. In the normal liver 
there is a decrease with time of the total P*? in the 
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nuclear RNA fraction, whereas there is an in- 
crease in the cytoplasmic fractions. The relative 
position of the cell fraction with regard to total 
radioactivity is different from that found in the 
specific activity curves; this is due to the differ- 
ences in nucleic acid content of the various cell 
fractions. 

There is a considerable difference between the 
total P®? in the adenylic acid of the liver and 
tumor. In liver, a nongrowing tissue, the total 


isotope incorporated into the DNA is relatively 
small compared to the RNA. However, in the 
rapidly growing tumor the total P*? in the DNA 
exceeds the sum of the activities in all the RNA 
fractions at 12 and 48 hours. This observation, 
which is consistent for all four nucleotides and 
both purines, reflects the increased DNA content 
of tumor tissue as well as the net synthesis of DNA 
that must be required for cell division. 

Adenine and guanine-C"* from nucleic acids.— 
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The specific activity-time curves for adenine-C!4 
derived from the nucleic acids (Chart 8) bear a 
strong resemblance to those of adenylic acid-P*?, 
indicating at least a similarity in the behavior of 
the purine and phosphorus moieties of the nucleic 
acid molecule. The tumor is again consistently 
higher than liver and the decreasing RNA specific 
activity among the cell fractions is also nuclear, 
supernatant, microsomal, and mitochondrial. The 


scure until further experimentation is carried out. 

Specific activity of the proteins.—The specific ac- 
tivities (C14) of the proteins of cell fractions are 
shown in Chart 10. These protein samples have 
not been further separated or characterized, and, 
hence, are defined only by the method of isolation. 
The specific activities of the tumor proteins are 
somewhat higher than those of liver, but the dif- 
ference is not so marked as that found for the nu- 
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DNA of tumor is higher than the DNA of liver. In 
agreement with our earlier findings (23, 33, 49), 
the specific activity of the DNA adenine in liver is 
of the same order of magnitude as the average of 
the RNA adenine specific activities. This is also 
true of guanine. 

The total radioactivity of the nucleic acid 
guanine, as shown in Chart 9, bears a similar rela- 
tion to time as does the adenylic acid-P*?. We find 
a similar sequence among the cell fractions, and 
the same accumulation of C14 in the DNA of tumor 
as was found with the other tracer. The high total 
radioactivity in the DNA guanine at 2 hours in the 
liver is difficult to explain, but, as previously 
pointed out, it cannot be ascribed to contamina- 
tion. The significance of this fact must remain ob- 


cleic acids. This is in agreement with our earlier 
results (49). In sharp contrast to the situation with 
the nucleic acids, where the nuclear fraction of 
RNA has a much higher specific activity than the 
cytoplasmic at 2 hours, the highest specific activity 
in the proteins at that time is found in the micro- 
somal fraction. 

Comparison between citric acid and ethylene glycol 
nuclet.—It was of interest to determine whether 
the specific activities of the protein and RNA, 
known to be extracted from nuclei by the citric 
acid washes, are the same or different from those 
of the residual protein and RNA. To this end, a 
comparison was made between citric acid and 
ethylene glycol nuclei, prepared from the same 
pooled livers. Table 4 shows that the specific ac- 
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tivity of the proteins was the same. Thus, the 
extracted and nonextracted protein samples are 
homogeneous with respect to specific activity. 
The data for nuclear RNA appear to indicate a 
heterogeneity, since the specific activity of the 
ethylene glycol nuclei is considerably reduced. 
However, it was impossible to remove all cyto- 
plasmic contamination from these nuclei. The ef- 
fect of cytoplasm would be to reduce the specific 
activity of nuclear RNA, so that any conclusion 
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about the state of the extracted nuclear RNA will 
have to await a more definitive experiment. 
DNA: comparison between P*®* and C'*.—A com- 
parison of the specific activity of P*? among the 
various nucleotides in normal and ‘‘tumor-bear- 
ing”’ liver is given in Chart 11. There is some in- 
dividual variation, but with the exception of 
cytidylic acid in normal liver, which is consistently 
lower, the nucleotides agree rather well. The sig- 
nificance of the variations actually found will be 
discussed below. It will be noted that in “‘tumor- 
bearing”’ liver, although the specific activity of the 
P*? in the DNA nucleotides is lower at 2 hours 
than in normal liver, at 12 and 48 hours it is mark- 
edly higher. This is a clear demonstration of a 
systemic effect of a tumor on other tissues of the 
body and is in agreement with the results of Payne 
et al. (39) on uptake of P*? in mice. This finding is 


also consistent with the observations of Reddy and 
Cerecedo (41) of the increased content of DNA 
and mitotic figures in the livers of tumor-bearing 
animals. The specific activities of adenine-C' and 
guanine-C!' also differ somewhat but follow the 
same trend. 

The primary purpose of setting up an experi- 
ment of this sort was to be able to make a direct 
comparison of the incorporation of two precursors 
into different parts of the same molecule. Such a 
comparison will only be really valid when both 
precursors are administered simultaneously to the 
animal, and the content of both isotopes is meas- 
ured in the same molecule. This comparison is 
shown in Chart 12, where the specifie activities of 


TABLE 4 


COMPARISON OF CITRIC ACID AND 
ETHYLENE GLYCOL NUCLEI 


(5-hour normal liver) 


SPECIFIC ACTIVITY 
Citric acid Ethylene glycol 
10-3/mg 
Protein 1.56 1.62 
ucX 1073 /um 


RNA 
Adenylic acid 3.72 0.827 
Guanylic acid 2.36 0.712 
Cytidylic acid 2.28 0.793 
Uridylic acid 2.80 0.740 


adenylic acid-P*?, adenine-C'*, guanylic acid-P*?, 
and guanine-C!4 of DNA are plotted against time. 
It will be seen that there is a very close correspond- 
ence between the P*?- and C!*- containing moieties 
of the DNA nucleotide molecules in tumor, normal 
liver, and “‘tumor-bearing”’ liver. This similarity is 
found too consistently to be fortuitous and sug- 
gests very strongly that the glycine and phos- 
phorus are incorporated into a DNA precursor at 
the same time. This concept is strongly supported 
by the data on total activities, as shown in Chart 
13. Here again there is a very close correspondence 
between the P*? and C" total radioactivities within 
the nucleotide molecules. 

RNA: comparison between P** and C'*.—When a 
similar comparison is made between the two iso- 
topes in the RNA molecule, a different result is 
obtained. Since a comparison of all RNA fractions 
on the same graph would be unwieldy, considera- 
tion was restricted to the nuclear and microsomal 
fractions. Chart 14 shows the results with ade- 


nylic acid-P* and adenine-C™, and Chart 15 com-_ 
pares guanylic acid-P** and guanine-C"*. The data 


obtained from these two graphs are closely similar. 
In tumor, we find a close correspondence between 
the two isotopes in the RNA nucleotides that is 
reminiscent of the situation found for DNA in all 
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tissues. On the other hand, in normal liver there is 
a great difference between the specific activities of 
the P®? and the C!*. At 2 hours the adenylic acid 
and guanylic acid-P*? have specific activities ap- 
proximately 20 times those of the adenine and 
guanine-C‘. This result indicates that phosphorus 
is incorporated into the RNA precursor at an 
earlier time than the glycine. 

The total RNA nucleotide P*? of the individual 
compounds and fractions of tumor is shown in 
Chart 16. It will be noted from Table 3 that in 
RNA the amounts of cytidylic and guanylic acids 


are similar and about twice those of adenylic and 
uridylic acids, which are also approximately equiv- 
alent. When the total P*? of the cell fractions of 
each pair is compared, there is an astonishingly 
close correspondence in every case, and the total 
P*? in the cytidylic-guanylic pair is about twice 
that of the adenylic-uridylic pair. This result is~ 
consistent with the hypothesis that in tumor, 
where there must be a net synthesis of RNA, the 
nucleic acid molecule is rapidly assembled in toto 
from preformed nucleotides, since the total isotope 
found in the nucleic acid molecule corresponds so 
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exactly with the nucleotide composition. Thus, the some net synthesis of RNA molecules, which is 
rates of synthesis parallel the requirements for overshadowed by the turnover of the macromole- 


individual nucleotides by the RNA. cule, as well as that of the various precursors. 
In the case of normal liver (Chart 17), a similar 
comparison demonstrates a correlation of total DISCUSSION 
P*®? and nucleotide composition, but not the exact One of the primary objects in this research has 


correspondence found in tumor. This suggests that been to study the biochemical mechanisms of nu- 
in the nongrowing liver there may actually be  cleic acid biosynthesis, and therefore the main 
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effort has been devoted to a study of the sequence 
of events that occur at relatively short times after 
administration of the labeled precursors. Although 
it would be highly desirable to calculate renewal or 
turnover times, we do noi feel that we have suf- 


ficient information on the shape of the specific 
activity-time curves to justify such calculations. 
Nevertheless, it is possible, on the basis of the data 
presented, to draw certain conclusions about the 
mechanism of nucleic acid biosynthesis. 
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In an examination of the data for the RNA nu- 
cleotides in the various cell fractions, it is apparent 
that the nuclear fraction has a much higher specific 
activity with respect to both isotopes (particularly 
at 2 hours) than do the cytoplasmic fractions. 
Similar results have been found before for various 
precursors (3, 4, 7, 15, 18, 26, 27, 29, 36, 38, 39, 42). 
This type of observation has led Jeener and 
Szafarz (29) to propose that the nuclear RNA is a 
precursor of the cytoplasmic RNA fractions. On 
the other hand, Barnum et al. (4) have made ex- 


This is in agreement with the in vivo observations 
of Borsook et al. (6) with labeled glycine, histidine, 
leucine, and lysine, of Hultin (25) with glycine, 
and of Keller (30) with leucine. Siekevitz (47), in 
studies with homogenates, has demonstrated that 
the incorporation of labeled alanine into proteins 
occurs in the microsomal fraction in the absence of 
nuclei, provided that mitochondria are added to 
supply a source of energy. Thus, the findings under 
these conditions are not in accord with the ideas of 
Caspersson (12), who has stated that the synthesis 
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tensive calculations which lead them to conclude 
that the nuclear RNA is not a precursor of cyto- 
plasmic RNA, but rather that they both have a 
common precursor. Our experiments are super- 
ficially consistent with both these alternatives, but 
do not provide a means to decide between them. 
It should be pointed out, therefore, that in a tenta- 
tive scheme of nucleic acid biosynthesis proposed 
below, no implications are made as to the intracel- 
lular locus or loci of the process. It is inescapable, 
however, that at early times the RNA of the nu- 
cleus has a much higher specific activity, with re- 
spect to both building blocks here investigated, 
than do the particulate or soluble RNA from cyto- 
plasm. 

In sharp contrast to the situation just cited for 
the nucleic acids, a different intracellular distribu- 
tion of protein specific activities is observed. At 2 
hours the specific activity of the microsomal pro- 
teins is higher than that of the other cell fractions. 


of proteins takes place in the nucleus, most prob- 
ably in the nucleolus, with the proteins pictured as 
diffusing through the nuclear membrane into the 
cytoplasm. RNA was considered to provide a tem- 
plate for protein synthesis. While the fact that at 2 
hours the nuclear RNA has the highest specific 
activity of the nucleic acids in the various cell 
fractions whereas the highest specific activity for 
protein is in the microsomes does not necessarily 
disprove this attractive hypothesis, at least it re- 
quires further explanation from its proponents. 
Caspersson’s theory must also be examined in the 
light of two other lines of research. Abrams (1) has 
shown that, whereas nucleic acid synthesis is in- 
hibited by x-radiation, protein synthesis is not. 
Brachet and Chantrenne (8) have apparently 
demonstrated that protein synthesis takes place at 
normal rates in enucleated Acetabularia mediter- 
ranea. Although an increased RNA content of grow- 
ing tissues is well established, and is confirmed in 
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the present work, the isotope experiments, which 
reflect a more dynamic picture, show that there is 
not the synchronization of nuclear RNA and pro- 
tein synthesis that the Caspersson theory would 
require. Similar conclusions have been reached by 
Eliasson et al. (18). 

The circumstance that the pool sizes of the acid- 
soluble phosphorus and uncombined glycine are of 
the same order of magnitude lends some degree of 
justification to a direct comparison of the incor- 
poration of glycine and phosphorus into the nu- 
cleic acid nucleotides. The finding that the C14 and 
P*? in the individual purine nucleotides of DNA 
have the same specific activity suggests very 
strongly that both precursors are incorporated 
into some intermediate at the same time and at 
the same rate. In other words, DNA synthesis in- 
volves a process whereby the synthesis of the pu- 
rine and phosphorus moieties of the nucleotide 
molecule proceed at the same rate, since the pool 
sizes of the intermediates are similar with respect 
to both precursors. 

Because we had previously reported ratios in 
liver of RNA:DNA purines of about 2:1 for in- 
corporation of glycine-2-C'4, whereas ratios of 
10:1 to 100:1 have been reported for P*2, we con- 
cluded that “‘at least two pathways of DNA syn- 
thesis exist. One involves the incorporation of pre- 
formed adenine together with desoxyribose and 
phosphorus into the nucleic acid. The other and 
perhaps preponderant route involves the incor- 
poration of small molecule precursors of purines 
into a skeleton to which the desoxyribose and 
phosphorus have already been affixed” (23). Now 
that glycine and phosphorus have been studied 
simultaneously and are incorporated into the 
DNA to the same extent, with respect to both 
specific and total radioactivities, the former con- 
cept requires modification. Rather, as is clearly 
shown by the experimental data, the difference 
between the incorporation of the two precursors 
lies in the RNA and not in the DNA. In the RNA 
nucleotides of normal liver, the specific activity of 
the P*? in the nucleotides is 20 times higher at 2 
hours than that of the purine C!*. Therefore, the 
process of incorporation of the two precursors into 
RNA nucleotides must take place in such a way 
that the phosphorus is incorporated into a pre- 


cursor pool at a time earlier than is the glycine. If. 


the glycine were also in equilibrium with some 
intermediate in the process, a further reduction of 
C' specific activity would occur. 

Strong experimental support for these concepts 
has been provided independently by Payne e¢ al. 
(38). They have studied in separate experiments 
the incorporation of P*?, glycine-2-C", formate- 


C4, and adenine-4,6-C' into nucleic acids of 
mouse liver. They observed that the incorporation 
at 4 hours of all these substances into DNA was 
remarkably similar. They also showed that the 
ratio of cytoplasmic RNA to DNA was much 
higher for adenine and phosphorus than for for- 
mate, which had previously been shown to behave 
similarly to glycine. Thus, in both these respects, 
the results of their study and ours are in agree- 
ment. Furst and Brown (20) found a RNA:DNA 
ratio of 60:1 with the use of adenine and of 3:1 
with glycine. Both labeled precursors were ad- 
ministered simultaneously. They interpreted this, 
as we had, to mean that there are two mecha- 
nisms of DNA synthesis. It appears likely that 
adenine and phosphorus behave in the same fash- 
ion, and that their results are also due to a differ- 
ence in the behavior of the RNA, rather than in 
the DNA. Since many steps must occur in the 
biosynthesis of any substances as complex as nu- 
cleic acids, it would appear fruitless to continue 
talking in terms of one or two mechanisms. In the 
experiments of Furst and Brown (20), the incor- 
poration of the two compounds into DNA is diffi- 
cult to compare, since different doses of the pre- 
cursors were used, no information was available 
about pool sizes, and one compound was labeled 
with N", a stable isotope, the other with radio- 
carbon. Thus, although at first sight their data 
might seem to be in disagreement with ours, in the 
absence of further information there is no reason 
to believe that their study, that of Payne et al. 
(38), and ours are in any way incompatible. 

As a basis for further experimentation, we have 
been led to formulate a very tentative scheme of 
nucleic acid biosynthesis in normal liver, which is 
shown in Chart 18. This scheme is restricted to 
nucleic acid adenine nucleotides, since the inter- 
relationships between adenine, guanine, and their 
various precursors is unclear at the present time. 
However, when such information becomes avail- 
able, it may easily be included in the scheme, 
should it still have merit at that time. 

One of the important features of the scheme is 
that DNA and RNA do not share common inter- 
mediates except for the distal precursors, glycine 
and phosphorus. This seems plausible, in view of 
the fact that the two parts of the molecule studied 
here are connected in the case of DNA with des- 
oxyribose, and in RNA with ribose. There is at 
present no evidence that the two sugars can be 
interconverted. In the biosynthesis of RNA we en- 
visage the immediate formation of ribose-5-phos- 
phate, from P*? of high specific activity. This com- 
pound then combines with an as yet unknown pre- 
cursor of nitrogen-9, and with formate (the pre- 
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cursor of carbon-8) to give the “glycineless pre- 
cursor” ribotide. This substance, which may only 
be a transitory and unstable intermediate, is then 
thought to combine with glycine to give the ribo- 
tide of 4-amino-5-imidazolecarboxamide. The gly- 
cine, utilized in this process, would have a lower 
specific activity than the phosphorus, because it 
would have been diluted in the course of the time 
lag in the production of the imidazolecarbox- 
amide ribotide. It should be pointed out that the 
specific activity changes of the precursors at early 
times are extremely rapid, and that only a small 
time interval would probably be necessary to ac- 
count for the twentyfold difference in the specific 
activities of the P*? and C" in the purine nucleo- 


DNA 


T 


tide, rather than the riboside, as a key intermedi- 
ate is in agreement with in vitro experiments of 
Greenberg (21) and of Schulman and his col- 
laborators (45, 46). Although the formulation of 
these intermediates in the scheme is consistent 
with the work of others as well as with the present 
investigation, direct proof of its accuracy can only 
be obtained by the actual isolation and identifica- 
tion of the intermediates following the simultane- 
ous administration of P*? and glycine or formate. 
Such studies are now in progress, and should pro- 
vide additional information on the question of 
whether the 3’ or 5’ phosphates are the inter- 
mediates in nucleic acid biosynthesis. 

In the scheme of DNA adenine nucleotide bio- 


Adenine — Adenine-desoxyribose-PO, 


Imidazole carboxamide-desoxyribose-PO, 


Glycine — Glycine Pool 


a 


PO, Pool — PO, 


Ribose-5-PO, 
Glycineless precursor-ribose-PO, 
v 
Imidazole carboxamide-ribose-PO, 
tt 
Adenine = Adenine-ribose-PO, (AMP) 
RNA 


CuartT 18.—Tentative scheme of nucleic acid biosynthesis with respect to adenylic acid 


tides. This difference would be considerably en- 
hanced if the glycine to imidazolecarboxamide re- 
action were reversible, which would result in the 
further dilution of the glycine. The next inter- 
mediate is pictured as the purine nucleotide, which 
is in agreement with the in vitro work of LePage 
(32), who has studied nucleic acid purine synthesis 
in Ehrlich ascites tumor cells. The participation of 
the imidazolecarboxamide ribotide in inosinic acid 
synthesis in pigeon liver extracts has been demon- 
strated by Schulman and Buchanan (45) and 
Schulman et al. (46). 

It appears that an important consequence of 
this work is that whereas the ribotide is pictured 
as being an intermediate, the riboside is not. If the 
latter type of compound were an intermediate, we 
would expect to find the specific activity of the 
purine-C!4 to be higher than the P*?, because it 
would be removed from the precursor pool at an 
earlier time than the phosphorus. This is contrary 
to our observations. The participation of the ribo- 


synthesis the glycine and phosphorus moieties link 
up with the desoxyribose at the same time, and 
this time must be similar to that of the glycine of 
RNA, since the specific activities are of the same 
order of magnitude. One suggestion to account for 
this is that desoxyribose-5-phosphate is formed, 
the phosphorus migrates to give desoxyribose-1- 
phosphate, and in the course of condensation with 
the “‘glycineless precursor” this phosphate is lost. 
The sugar is then rephosphorylated with more 
dilute P*? at about the same time at which the 
glycine is incorporated. It is a possible consequence 
of this hypothesis that the desoxyriboside may be 
an intermediate. 

We have discussed previously the fact that the 
tumor behaves qualitatively similarly to but quan- 
titatively different from liver (49). One conclusion 
drawn at that time from a similarity of the rate of 
turnover of adenine and guanine of DNA and 
RNA was that “‘at least the two purines of nucleic 
acids must be degraded and resynthesized to- 
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gether in an organized fashion” (49). This conclu- 
sion has been greatly strengthened in the present 
study by a consideration of the total radioactivity 
in the individual RNA nucleotides shown in 
Charts 16 and 17. It is particularly evident in the 
case of tumor (Chart 16) that the total P*? incor- 
porated into the RNA molecule depends very 
closely upon the nucleotide composition. It thus 
appears that the rates of synthesis, and, hence, the 
specific activity of the individual nucleotides, are 
controlled by the requirement for these nucleo- 
tides as dictated by the composition of the nucleic 
acid molecule. In the case of nongrowing liver 
(Chart 17), the correspondence is not so close as 
that of tumor, but the fact that there is any cor- 
respondence at all between the total radioactivity 
and nucleotide composition indicates to us that 
there must be an actual synthesis of new RNA 
molecules and not an independent turnover of the 
individual nucleotides. This conclusion is in agree- 
ment with our earlier work (49) and with those of 
Abrams (2), Payne et al. (38), and Eliasson e¢ al. 
(18). 

Work now continuing along these lines involves 
the isolation of intermediates in the nucleic acid 
nucleotide biosynthesis, and investigations of the 
intramolecular distribution of isotopes in the bio- 
synthesis of nucleic acids. 


SUMMARY 


1. Glycine-2-C'4 and were simultaneously 
injected intraperitoneally into normal rats and 
others bearing multiple Flexner-Jobling carcinoma 
transplants. The animals were sacrificed after 
various time intervals, and the livers and tumors 
were fractionated by differential centrifugation in- 
to nuclear, mitochondrial, microsomal, and super- 
natant fractions. From each fraction the nucleic 
acids were isolated, hydrolyzed, and the nucleo- 
tides were separated by ion-exchange chromatog- 
raphy. The specific activity of the nucleotides 
with respect to P*? was determined, the purine nu- 
cleotides were hydrolyzed, and the C! specific ac- 
tivity of the purines was measured. 

2. From the data on the acid-soluble phosphorus 
and uncombined glycine, it was concluded that the 
metabolic pool sizes of these are similar. 

3. At early time intervals the order of decreasing 
specific activity of both isotopes in the RNA of 
cell fractions was nuclei, supernatant, micro- 
somes, and mitochondria. 

4. At early times the C" specific activity of the 
proteins was highest in the microsomal fraction. 
The relationship of this finding to those for the 
RNA has been discussed. 

5. The specific activity of the DNA and RNA 


nucleotides in tumors was higher at all times than 


in the corresponding liver nucleotides. 

6. The specific activities of the P®? and C" in the 
purine nucleotides from DNA were similar, indi- 
cating that both precursors are incorporated into 
some intermediate at the same time. 

7. The specific activity of the P®? in the RNA 
purine nucleotides of normal liver was considera- 
bly higher than that of the C4. This indicates that 
the phosphorus is incorporated into an intermedi- 
ate at an earlier time than is the glycine. 

8. The total radioactivities in the RNA nucleo- 
tides of all cell fractions are directly proportional 
to the total quantity of the nucleotides present. 
This suggests that the composition of the nucleic 
acid determines the amount of synthesis and, 
further, that the RNA molecule is synthesized as a 
whole from the component nucleotide precursors. 

9. The nucleic acid metabolism of tumors ap- 
pears to be qualitatively similar, but quantita- 
tively more rapid than that of liver. 

10. The systemic effect of a tumor on the metab- 
olism of liver is manifested in an increased specific 
and total radioactivity of the DNA nucleotides in 
the livers of tumor-bearing animals as compared to 
those of normal liver. 

11. A tentative scheme of nucleic acid biosyn- 
thesis with respect to adenylic acid has been pro- 
posed in order to account for these findings. The 
significance of this tentative scheme has been 
discussed. 
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